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ABSTRACT 
INTERRELATIONSHIPS BETWEEN TESTOSTERONE, AGGRESSION, AND  
 
PARENTAL CARE OF A TEMPERATE-ZONE, RESIDENT SONGBIRD, THE  
 
NORTHERN CARDINAL (CARDINALIS CARDINALIS) 
 
by Margaret Susan DeVries 
May 2013 
 Interrelationships among testosterone (T), aggression, and parental care have 
received much investigative attention.  Within birds, many studies have focused on 
examining such relationships using species characterized by relatively brief periods of 
territoriality and breeding.  Few have investigated links between circulating T and 
reproductive behavior in birds that are year-round territorial residents and have lengthy 
breeding seasons, such as the Northern Cardinal (Cardinalis cardinalis).  The following 
six chapters report and discuss findings from this dissertation’s examination of aspects of 
T production and potential interconnections with circulating T, aggression, and parental 
care in male and female cardinals.  This work suggests that male and female cardinals 
have the physiological capacity to significantly increase T levels during non-reproductive 
periods in response to standardized gonadotropin-releasing hormone (GnRH) injections.  
Male cardinals maintain the ability to significantly elevate T following GnRH injections 
across the pre-breeding and breeding seasons, yet, circulating T levels were not 
significantly higher following simulated aggressive encounters and no relationship 
existed between T concentrations and the degree of male nestling provisioning.  
Similarly, female cardinals are capable of significantly elevating T levels following 
GnRH injections administered in the non-breeding and pre-breeding periods, but 
 iii 
significant relationships did not exist between circulating T levels and displays of 
maternal aggression or nestling provisioning rates of females.  This lack of connection 
between relative circulating levels of T and behavioral performance suggests a complex 
association between T and reproductive behavior exhibited by this species.  Whether this 
complicated relationship of circulating T and behavior is unique to the cardinal or 
characteristic of other temperate resident species exhibiting a similar behavioral ecology 
is unknown and deserves greater attention.    
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CHAPTER I 
GENERAL INTRODUCTION 
 In an attempt to further understand our species, humans have devoted much 
attention to studying animal behavior.  All animals share the common goals of survival 
and reproduction, rendering examinations of factors supporting behavior among non-
human animals essential for gaining insight into the causes and consequences of human 
behavior.  Early work in this discipline was limited to comparisons of readily observable 
behaviors between animal groups; however, recent advancement of laboratory techniques 
now allows for more thorough investigation of linkages between proximate mechanisms 
and ultimate outcomes (e.g., behavioral expression).  Such studies have revealed that 
many animal species (humans included) share genetic and physiological attributes that 
might impact behavior similarly across taxonomic groups.    
 Hormones are chemical signals responsible for coordinating physiological 
development and function with the performance of appropriate behavior (Adkins-Regan, 
2005).  Hormone structure and function can be highly conserved across taxa, allowing the 
hormone-behavior relationship characteristics of one species to be applied to another.  
For example, the chemical structure of testosterone (T) is identical across vertebrate 
groups and is produced from many of the same locations within the body regardless of 
taxa (e.g., gonads, brain, adipose tissue, etc.).  A widespread role of this steroid hormone 
throughout vertebrate classes is the coordination of behavior and physiological 
development necessary for successful reproduction (Nelson, 2011).  Consequently, 
relationships between T and animal social behavior have received much investigative 
attention.    
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 Among birds, connections between T and reproductive physiology and behavior 
have been examined extensively.  This research has yielded a generalized consensus that 
T is necessary to support gamete development and courtship behavior among avian 
species (e.g., Ball and Balthazart, 2002).  However, there is a growing discrepancy as to 
the definitive relationships between T and some forms of avian social behavior, such as 
aggression or parental care (Adkins-Regan, 2005; Lynn, 2008).  Studies nearly identical 
in design have reported conflicting results concerning T-behavior linkages between male 
and female birds and among species.  For example, elevations of T enhance territorial 
aggression and detract from parental care in males of some avian species, but not others 
(reviewed in Lynn, 2008).  Further, interrelationships between T, aggression, and parental 
care can differ between the sexes of single species (reviewed in Ketterson et al., 2005).  
Such disparity in the influence of T on aggression and parental care among birds suggests 
that definitive relationships between this hormone and avian behaviors are far from 
resolved, requiring much additional investigation.   
 Behavioral and physiological characteristics of the Northern Cardinal (Cardinalis 
cardinalis) render it an intriguing candidate for examination of T-behavior relationships.  
Cardinals are year-round resident songbirds with a species range extending from Central 
America to Canada (Halkin and Linville, 1999).  This socially monogamous, temperate 
zone species has a lengthy breeding season (6+ months) and both sexes contribute 
significantly to offspring care (e.g., Halkin and Linville, 1999; Linville et al., 1998).  
Further, breeding pairs aggressively defend general use territories for most of the year 
through the production of song (Yamaguchi, 1998) and/or physical conflict (e.g., Jawor et 
al., 2004; Kinser, 1973).  It has been proposed that such extensive territorial defense 
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might be supported by the cardinal’s unusual pattern of annual T production, in which 
males and females have detectable levels of the hormone in every month of the year 
(Jawor, 2007).  Considering that male and female cardinals readily perform many 
behaviors known to be influenced by T in other species (Halkin and Linville, 1999) and 
have detectable amounts of circulating T year-round (Jawor, 2007), investigation of the 
relationship between T production and social behavior was warranted in this species.     
 The objective of this dissertation was to assess interrelationships between 
circulating T, aggression, and parental care in the Northern Cardinal.   
1. I administered standardized injections of gonadotropin-releasing hormone 
(GnRH) to determine if male and female cardinals had the physiological 
capability to elevate T levels within the non-breeding, pre-breeding, and 
breeding periods.   
2. Possible connections between relative levels of T and aggressive behavior of 
male cardinals were assessed using simulated territorial intrusions (STIs) 
during the pre-breeding period.   
3. I examined possible relationships between circulating T and maternal 
aggression of incubating female cardinals using simulated nest intrusions 
(SNIs) during the early breeding season.   
4. Last, to determine if connections exist between levels of endogenous T and 
parental care in male and female cardinals, I compared nestling provisioning 
rates and circulating T concentrations of parents providing offspring care.   
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 It is my hope that such thorough examination of possible T-behavior relationships 
within a single songbird species will provide greater insight into proximate mechanisms 
influential to vertebrate behavior.   
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CHAPTER II 
NON-BREEDING GONADAL TESTOSTERONE PRODUCTION OF  
MALE AND FEMALE NORTHERN CARDINALS 
 (CARDINALIS CARDINALIS) FOLLOWING GNRH CHALLENGE 
Abstract 
 Yearly, testosterone (T) levels fluctuate as many vertebrates cycle through 
reproductive and non-reproductive periods.  Among many temperate birds, it is well 
established that levels of T peak as gonads recrudesce for breeding and then fall as 
gonads regress prior to the non-breeding season.  While the tissues producing breeding 
season T are well studied, the tissues responsible for non-breeding T have received less 
investigative attention.  We examined the ability of male and female northern cardinals 
(Cardinalis cardinalis) to elevate gonadal T following standardized injections of 
gonadotropin-releasing hormone (GnRH) across three non-breeding seasons.  Males and 
females were capable of significantly elevating gonadal T production following GnRH 
injections during periods of reproductive quiescence.  The magnitude of T elevation 
varied across the non-breeding season, but not between sexes.  To our knowledge, this is 
the first report of a significant increase in gonadal T production following GnRH 
injections administered in the non-breeding season.   
Introduction 
  Vertebrates must modify aspects of their behavior, physiology, and morphology 
to coordinate life history stages with predictable changes in environmental conditions 
(McGlothlin and Ketterson, 2008; McGlothlin et al., 2010; Wingfield, 2008).  In birds 
that reproduce seasonally, such phenotypic adjustments are often mediated by collapse of 
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the reproductive axis and subsequent gonadal recrudescence (Hahn et al. 2009; 
MacDougall-Shackleton and Hahn, 2007; MacDougall-Shackleton et al., 2009).  
Breeding events require recrudescence of the reproductive axis, during which the 
hypothalamus increases secretion of gonadotropin-releasing hormone (GnRH) that 
stimulates the release of luteinizing hormone (LH) and follicle stimulating hormone 
(FSH) from the anterior pituitary, resulting in gonadal growth and increased steroid 
hormone production (especially testosterone, T).  Termination of breeding is initiated by 
the collapse of the reproductive axis, resulting in decreased GnRH levels, gonadal 
regression, and a drastic reduction in T secretion.  However, T production in many 
species does not cease during reproductive quiescence (Adkins-Regan, 2005).  
 Many avian species have detectable levels of T during the non-breeding period 
(e.g., male European Nuthatches, Sitta europaea (Landys et al., 2010); male Downy 
Woodpeckers, Picoides pubescens (Kellam et al., 2006); male Red Grouse, Lagopus 
lagopus scoticus (Mougeot et al., 2005); male and female Northern Cardinals, Cardinalis 
cardinalis (Jawor, 2007); male and female Spotted Antbirds, Hylophylax n. naevioides 
(Hau et al., 2004); male and female Song Sparrows, Melospiza melodia (Elekonich and 
Wingfield, 2000; Wingfield and Monk, 1992); and male and female European Robins, 
Erithacus rubecula (Kriner and Schwabl, 1991; Schwabl, 1992).  Additionally, numerous 
studies have examined relationships between T and its metabolites and winter territorial 
behavior (e.g., Elekonich and Wingfield, 2000; Hau et al., 2004; Kellam et al., 2006; 
Kriner and Schwabl, 1991; Landys et al., 2010; Mougeot et al., 2005; Schwabl, 1992; 
Soma et al., 2000a, b; Wingfield and Monk, 1992). Yet, quantifying the tissue/tissues 
responsible for T secretion within the non-breeding season has received little attention.   
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 Gonadotropin releasing hormone challenges are bioassays commonly used to 
determine the reproductive status of individuals by assessing the gonad’s ability to 
produce T (Busch et al., 2008; Goymann and Wingfield, 2004; Hirschenhauser et al., 
2000; Lacombe et al., 1991; Millesi et al., 2002; Moore et al., 2002; Schoech et al.,1996; 
Spinney et al., 2006; Wingfield et al., 1979; Wingfield et al., 1991).  Individuals are 
given either an intravenous or intramuscular injection of GnRH to stimulate the release of 
LH from the pituitary, resulting in the secretion of T from the gonads if the gonads are 
capable of responding to LH stimulation (Jawor et al., 2006a).  Concentrations of T 
before and after the GnRH injection are compared to assess gonadal responsiveness.  
Because these injections initiate a hormonal pathway unique to the hypothalamic-
pituitary-gonadal (HPG) axis, these injections do not stimulate T secretion from any other 
tissue capable of producing the hormone (e.g., brain, adipose tissue, adrenals).  
Consequently, the GnRH challenge is an effective technique to determine if any 
circulating T in the non-breeding period is gonadal in origin. 
 Here, we examine if the northern cardinal (Cardinalis cardinalis; hereafter, 
“cardinal”) produces gonadal T during the non-breeding season.  Cardinals are year-
round resident birds ranging from Central America to southern Canada (Halkin and 
Linville, 1999).  Unlike many temperate species, breeding pairs display year-round 
territoriality (Halkin and Linville, 1999; Jawor et al., 2004).  I have also observed 
cardinal pairs exhibit extensive territoriality.  Further, both males and females sing 
(Yamaguchi, 1998), provide approximately equal rates of parental care (Halkin and 
Linville, 1999), and readily display intraspecific and interspecific aggression during 
territorial defense (DeVries, unpubl. data; Jawor et al., 2004).  In addition, the annual T 
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profiles of male and female cardinals fluctuate little throughout the year and are nearly 
identical in pattern (Jawor, 2007).  These annual profiles further indicate that both sexes 
are capable of producing T levels during the non-breeding period (approximately 1-1.5 
ng/ml) that are not drastically lower than T concentrations characteristic of the breeding 
season (approximately 1.5-2 ng/ml), when the gonads are fully functional (Jawor, 2007).  
Such a unique pattern of annual T production suggests that the gonad could be 
contributing to the relatively high levels of non-breeding T seen in both sexes.   
 To determine whether non-breeding T is gonadal in origin in male and female 
cardinals, we assessed gonadal T production of this species using standardized injections 
of GnRH during three non-breeding seasons defined as the months of December through 
the following March, 2008-2009, 2009-2010, 2010-2011.  We predicted that the gonads 
of male and female cardinals would elevate T secretion following GnRH challenges 
within the non-breeding period (December, January, February, and March) because of the 
individual variation in T levels seen during prior repeated sampling of individuals across 
these months.  Further, we predicted that T response to GnRH challenges would 
strengthen as the breeding season approached due to gonadal recrudescence.   
Materials and Methods 
 General Field Techniques.  This study was conducted in Hattiesburg, Mississippi, 
USA at the Eubanks/Lake Thoreau (ELT-USM) property owned by the University of 
Southern Mississippi (USM). Behavioral and physiological attributes of this population 
are assessed year-round, with non-breeding investigations performed during December, 
January, February, and March.  Although both sexes engage in territorial behavior (e.g., 
song and aggression) in this population as early as December, breeding does not begin 
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until April.  All birds in this study were passively captured between 0600-1200h at baited 
(e.g., sunflower seed, cracked corn) locations with mist nets and Potter traps.  Upon 
capture, time of extraction was noted and birds were immediately transported to a 
sheltered central location for processing.  Processing procedures included collecting 
blood for hormone analyses, administering GnRH challenges (see below), recording 
morphometric measures as part of ongoing research (e.g., mass, tarsus length, wing/tail 
feather length), and banding individuals with a U.S. Fish and Wildlife band plus a unique 
combination of color bands for future identification.  Determining the age of adult 
cardinals is difficult; therefore, all individuals in this study were simply classified as 
adults.  At the conclusion of processing, birds were released at the point of capture.  Due 
to low winter temperatures, attempts were made to expedite handling procedures and 
nets/traps were assessed every 10-15min by multiple field assistants.  Further, birds were 
not processed in temperatures below -4°C (25°F) and individuals demonstrating signs of 
excessive stress were released immediately.  All procedures were approved by current 
federal (#23479) and state banding permits and USM’s Institutional Animal Care and Use 
Committee (Protocol # 08081401). 
 GnRH Challenges.  During three non-breeding seasons (defined as the months of 
December through the following March 2008-2009, 2009-2010, 2010-2011), 181 GnRH 
challenges were administered in the field to 155 adult cardinals (males: n= 67; females: 
n=88) to quantify the gonad’s ability to produce T.  Challenge protocols were based on 
previously described techniques in Jawor et al. (2006a) and from pilot work conducted 
with male cardinals prior to initiation of the study (February 2008) to determine 
appropriate GnRH dosage.   Findings from our pilot work demonstrated that both 1.25ug 
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(n=6) and 2.5ug (n=6) of chicken GnRH-I were sufficient dosages to elicit significant T 
response (see Results); however, the 2.5ug dosage yielded a stronger T response (see 
Results).  Therefore, we used the higher dosage to ensure sufficient stimulation of the 
pituitary.  All individuals (n=12) used within the pilot study were captured from an 
adjacent site to the focal field site of this study and excluded from future assessment 
(control or GnRH challenge) in our investigation.  Females were not a part of the pilot 
study because prior research with other species indicated that females might not respond 
to GnRH challenges except within discrete reproductive periods (Jawor et al., 2007), 
rendering them questionable subjects for preliminary data.  However, females received 
the same dosage as males within our investigation.      
 Upon determining appropriate GnRH dosage, all birds in this study were 
administered GnRH challenges in identical fashion.  Briefly, after an individual was 
passively captured, a blood sample for initial T level was collected (~75µl plasma) from 
the alar wing vein.  The individual was then injected intramuscularly with 100 µl of a 
solution comprised of 2.5µg of chicken GnRH-I (American Peptide Co. 54-8-23) 
dissolved in 1.0 M phosphate-buffered saline (PBS) solution.  Injections were delivered 
directly into the left and right pectoralis major (50µl each) and the bird was then 
immediately placed in a holding bag.  Thirty (30) minutes post-injection, a second blood 
sample was taken (~75µl plasma) to assess T levels induced by the GnRH challenge.   
Handling time for each challenge was controlled for in statistical analyses and calculated 
as the time elapsed from mist net or trap extraction until the time the first blood sample 
was taken (both sexes combined: range 1 – 35 minutes, mean = 14).   
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 To quantify if the gonad could contribute to possible observed increases in T or if 
T production was primarily originating from some other source (i.e., adrenals), we 
administered placebo injections to control birds during the month of March 2008.  These 
individuals (males: n=6; females: n=6) were administered challenges in the same manner 
described above, except they received a 100µl injection of PBS instead of GnRH.  PBS 
injections do not stimulate gonadal T production; therefore, any T produced after such an 
injection would theoretically be originating from an additional tissue source.  Blood 
samples were centrifuged and plasma extracted and frozen at -20°C until hormonal 
analysis.   
 We attempted to challenge as many unique individuals as possible over the 
months of December, January, February and March during three non-breeding seasons.  
The number of challenges delivered within each month of the non-breeding period are as 
follows:  December (males: n=16; females: n=19), January (males: n=18; females: n=22), 
February (males: n=9; females: n=13), and March (males: n=37; females: n=46).  In 
addition, some individuals were challenged repeatedly within a season or across seasons.  
Of the males assessed, 54 individuals were challenged once, 11 were challenged twice 
and 2 were challenged three times.  Five (5) males were also challenged during both 2008 
and 2009 non-breeding seasons.  Of the females assessed, 76 were challenged once, 12 
were challenged twice and 4 individuals were challenged in both 2008 and 2009 seasons.   
 Testosterone Assays.  Concentrations of T were analyzed with an enzyme 
immunoassay (EIA; Assay Designs, Inc., #901-065) as described for cardinals (Jawor, 
2007).  Approximately 2,000 cpm of H
3
-T (PerkinElmer) were added to each sample to 
allow for calculation of recoveries after three extractions with diethyl ether.  Extracts 
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were re-suspended in 50µl of ethanol and diluted to 350µl with assay buffer provided by 
the kit.  Recoveries were determined with 100µl from each reconstituted sample and 
duplicate 100µl quantities were used in the EIA.  Concentrations of T were assessed with 
a 4-parameter logistic curve-fitting program (Microplate Manager; Bio-Rad Laboratories, 
Inc.) and corrected for incomplete recoveries.  Three standard samples of known T 
concentration were placed within each plate for calculation of intra-assay and inter-assay 
variation.  Intra-assay variation was calculated as the coefficient of variation of the values 
of standard samples and ranged from 1 to 17%, inter-assay variation was 16.02%.  
Inflation of inter-assay variation is due to the use of multiple EIA kit lots.  Plasma 
samples from the same individual were analyzed on the same plate and plate assignment 
and location were randomized across all kit lots.   
 Corticosterone Assays.  Considering that an increase in corticosterone (CORT) 
can impede the production of T in some species (Ketterson et al., 1991), CORT levels of 
all samples were assessed with a direct radioimmunoassay (RIA) following modified 
techniques (Wingfield and Farner, 1975).  Approximately 2,000 cpm of H
3
-CORT 
(PerkinElmer) were added to each pre and post sample from all GnRH challenges 
administered to determine extraction efficiency.  After three extractions with diethyl 
ether, samples were re-suspended with 550µl of phosphate-buffered saline solution with 
gelatin (PBSG).  Duplicate 200µl quantities were used in the RIA and an additional 
100µl were used to determine recoveries.  A standard curve was constructed from serially 
diluted standard CORT solution, followed by the addition of antibody (Fitzgerald 
Industries International) and H
3
-CORT to both the curve and samples for competitive 
binding.  Intra- and inter-assay variation were determined from multiple, randomly 
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placed standards of known CORT concentration throughout the assays.  Intra-assay 
variation ranged from 1-14.7%, inter-assay variation was 14.2%.   
 Statistical Analyses.  Data were analyzed with SPSS 16.0 (SPSS, Chicago, 
Illinois).  All concentrations of T and CORT (pre and post) were corrected for inter-assay 
variation using correction factors calculated from multiple standards of known 
concentration distributed throughout each assay.  Further, all hormonal levels were 
natural log-transformed for statistical analyses.  To initially determine if levels of T in 
response to GnRH challenge (calculated as ln post-challenge T level minus ln initial T 
level) differed between months and sex, a three-way repeated measures ANOVA (pre-
post T x sex x month) was performed using ln pre and ln post-challenge T as the repeated 
factor and the variables sex and month as fixed factors.  Significant differences between 
factors were determined with Tukey’s post-hoc test.  Based on the initial ANOVA 
indicating a month effect, month was then included as a factor within additional linear 
mixed models that were used to further explore factors that could be influencing T 
production in both sexes.  Additional linear mixed models were used to test for the effects 
of CORT, mass, handling time, month, and year on the magnitude of T response to 
GnRH challenge.  Sexes were considered separately within the additional mixed models 
because while the ANOVA did not find the sexes to be overall significantly different (see 
Results), hormone production begins to differ between the sexes as the non-breeding 
season progresses and could be differentially influenced by factors such as body size 
(male cardinals are heavier in this population, see Results).  Fixed factors within each 
model included month and year, while mass, CORT level, and handling time (minutes) 
were entered as covariates, and individual identity was the random repeated effect.  This 
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model also allowed us to account for repeated measures of the same individual and 
uneven sampling across months and seasons (in the initial ANOVA each individual was 
accounted for once, repeatedly sampled individuals had a single assessment randomly 
chosen for inclusion in this test).   
Results 
 Development and Controls.  Initial tests of GnRH injections performed in 
February 2008 did indicate significant T elevation following both dosages of GnRH 
(paired samples t-tests: 1.25 ug dosage, t = 4.47, df = 5, p = 0.007; 2.5 ug dosage, t = 
6.35, df = 5, p = 0.001).  We proceeded with GnRH injections using the 2.5 ug dosage 
considering it elicited a greater average T response (2.5 ug dose, mean = 1.41 ng/ml; 1.25 
ug dose, mean = 0.90 ng/ml).  Initial and post-challenge T levels of control birds injected 
with PBS in March 2008 did not significantly differ (paired samples t-test:  males: mean  
initial T = 1.06 ng/ml, mean post-injection T = 1.21 ng/ml, SEM = 0.16, t = 0.94, df = 5, 
p = 0.39; females: mean initial T = 1.05 ng/ml, mean post-injection T = 1.11 ng/ml, SEM 
= 0.03, t = 1.7, df = 5, p = 0.15).  Since PBS did not promote significant T production, we 
did not administer additional control injections.    
 Testosterone Response of Males and Females After GnRH Challenge.  Male and 
female cardinals did significantly elevate T levels in response to GnRH challenge during 
the non-breeding period (Table 1).  Further, the magnitude of T elevation differed by  
month assessed (Table 1, Figures 1, 2), but there was no interaction between T  
response, sex, and month (Table 1).  In both sexes, T response to GnRH challenge 
appeared to gradually increase as the breeding season approached in April (Tables 2, 4; 
Figures 1, 2).  Responses in January, February, and March were significantly higher than 
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responses in December (all p’s ≤ 0.004) in both sexes.  January, February, and March 
responses did not significantly differ (all p’s ≥0.17).  There was no effect of year on T 
response to the challenges of either sex (Tables 3, 5).   
Table 1 
 
Three-way repeated measures ANOVA analysis of T production induced by GnRH 
challenges administered to male and female cardinals during the non-breeding period.  
Asterisk denotes statistical significance. 
 
 
 
Effects 
 
      
     DF 
 
 
SS 
 
 
MS 
 
 
F 
 
 
P 
 
 
Pre-Post 
 
1 
 
23.56 
 
23.56 
 
152.80 
 
0.0001* 
 
Pre-Post x Sex 1 0.42 0.42 2.87 0.09 
 
Pre-Post x Month  3 2.87 0.96 6.20 0.001* 
 
Pre-Post x Sex x Month 3 0.18 0.06 0.39 0.76 
      
 
Table 2   
 
Mean initial T, initial T range, mean post-challenge T, post-challenge T range, and mean 
T response of male cardinals during four months of the non-breeding period. All T levels 
measured in ng/ml. 
 
 
 
 
Month 
 
 
Mean  
Initial T 
 
 
Initial  
T Range 
 
 
Mean 
Post T 
 
 
Post 
T Range 
 
 
Mean                 
T Response 
 
      
December 0.79  0.11-1.41  1.02  0.47-1.87 ( 0.22  
 
January 0.91 0.54-1.77 1.80 0.69-5.36 0.89 
 
February 0.94 0.45-2.71 1.92 0.90-3.01 0.98 
 
March 1.27 0.44-3.28 3.74 0.93-7.32 2.47 
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 Initial Testosterone Levels of Males and Females.  Similarly, initial levels of T 
did not differ between the sexes during the non-breeding period (F1, 3 = 2.48, p = 0.14), 
but did significantly vary by month (F1, 3 = 5.1, p = 0.002).  Further, there was a 
significant interaction of sex and month (F1, 3 = 2.60, p = 0.05).  Initial T levels of male 
cardinals did not differ during December, January, or February (F3, 65.30 = 7.13, all p’s ≥ 
0.90), but did significantly differ within the month of March.  March levels of initial T in 
males were significantly higher than levels in December (p = 0.001) and January (p = 
0.03), but not February (p = 0.90).  In addition, there was no significant effect of year on 
initial T levels in males (F2, 65.32 = 2.25, p = 0.11).  For mean initial T levels, mean post-
challenge T levels, and ranges of initial and post-challenge T levels of males within each 
month, see Table 2.     
Table 3   
 
Linear mixed model analysis of T production induced by GnRH challenges administered 
during the non-breeding period of male cardinals.  Asterisk denotes statistical 
significance. 
 
 
 
Fixed effects 
 
 
Estimate 
 
 
DF 
 
 
F 
 
 
P 
 
 
Year 
  
2, 54.9 
 
0.85 
 
0.77 
 
Month  3, 49.77 8.01 0.0001* 
 
CORT   0.009 1, 64.88 1.69 0.20 
 
Mass -0.041 1, 55.7 0.48 0.49 
 
Handling time  0.250 1, 64.97 0.89 0.35 
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Figure 1.  Initial (pre) and GnRH challenge induced (post) levels of T produced by male 
cardinals during non-breeding months.  Gray circles represent pre T levels; black circles 
represent post T levels.  Error bars represent ± 1SE.   
 
 Initial T levels of female cardinals did not significantly differ during any month of 
the non-breeding period (F3, 69.28 = 0.41, all p’s ≥ 0.90).  There was also no significant 
effect of year on levels of initial T of females (F2, 84.24 = 0.413, p = 0.66).  For mean 
initial T levels, mean post-challenge T levels, and ranges of initial and post-challenge T 
levels of females within each month, see Table 4.   
 Impact of CORT, Mass, and Handling Time.  CORT levels of male cardinals 
increased significantly between initial and post-challenge blood sampling (paired samples 
t-test; t = 4.72, df = 67, p = 0.0001).  However, CORT levels did not significantly affect 
initial T levels of males (F1, 65.67 = 0.07, p = 0.80) or T response to GnRH challenges 
(Table 3, Figure 3).  Initial T levels of males were also not significantly impacted by 
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mass or handling time (all F’s ≤ 3.09, p’s ≥ 0.08) and these variables had no effect on 
male response to challenges (Table 3). 
 
Figure 2.  Initial (pre) and GnRH challenge induced (post) levels of T produced by 
female cardinals during non-breeding months.  Gray circles represent pre T levels; black 
circles represent post T levels.  Error bars represent ± 1SE.   
 
 Similarly, CORT levels of female cardinals increased significantly between initial 
and post-challenge bleeds (paired samples t-test; t = 7.01, df = 77, p = 0.0001), but CORT 
had no significant effect on initial T levels (F1, 82.72 ≤ 2.13, p = 0.15) or T response (Table 
5, Figure 4).  However, female initial levels of CORT and handling time were correlated 
(Pearson Correlation; r = 0.30, p = 0.01, n = 85) and increased handling time decreased 
female initial T (F1, 84.2 = 5.31, p = 0.02), indicating that females subjected to longer 
processing times had higher initial CORT and lower initial T.  Yet, the influence of 
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handling time on female response to the GnRH challenges was non-significant (Table 5).  
Mass did not significantly impact initial T levels of females (F1, 84.23 = 0.001, p = 0.98) or 
T response (Table 5).   
Table 4   
 
Mean initial T, initial T range, mean post-challenge T, post-challenge T range, and mean 
T response of female cardinals during four months of the non-breeding period.  T levels 
in ng/ml. 
 
 
 
 
Month 
 
 
Mean  
Initial T 
 
 
Initial  
T Range 
 
 
Mean 
Post T 
 
 
Post 
T Range 
 
 
Mean                 
T Response 
 
 
December 
 
0.75  
 
0.10-1.52  
 
0.92  
 
0.22-2.32  
 
0.17  
 
January 0.91 0.53-2.90 1.39 0.71-2.61 0.48 
 
February 0.81 0.37-1.41 1.62 0.81-2.39 0.82 
 
March 0.87 0.30-1.81 1.76 0.25-4.55 0.89 
 
 
 There was no significant difference between male and female initial CORT levels 
(independent samples t-test; t = 0.73, df = 149, p = 0.47), CORT response (t = 1.12; df = 
152, p = 0.27) or handling time (t = 1.6, df = 152, p = 0.11) in the non-breeding period.  
However, males were significantly heavier than females (t = 5.43, df = 152, p = 0.0001).   
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Table 5   
 
Linear mixed model analysis of T production induced by GnRH challenges administered 
during the non-breeding period of female cardinals.  Asterisk denotes statistical 
significance. 
 
 
Figure 3.  Relationship between CORT response and T response induced by GnRH 
challenge of male cardinals during non-breeding months.  Circles represent individuals. 
R
2 
= 0.02, p = 0.19. 
 
 
Fixed effects 
 
 
Estimate 
 
 
DF 
 
 
F 
 
 
P 
     
 
Year 
  
2, 78.12 
 
0.47 
 
0.630 
 
Month  3, 77.81 3.93 0.012* 
 
CORT   0.152 1, 77.96 2.73 0.102 
 
Mass -0.002 1, 76.06 0.004 0.948 
 
Handling time  0.02 1, 79.687 3.53 0.064 
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Figure 4.  Relationship between CORT response and T response induced by GnRH  
challenge of female cardinals during non-breeding months.  Circles represent individuals. 
R
2
 = 0.01, p = 0.17. 
 
Discussion 
 
 Gonadal Response to GnRH Challenge During the Non-Breeding Period.  Prior 
investigations examining gonadal activity following GnRH challenges within non-
breeding seasons report a lack of significant T elevation during this period (e.g., 
Hungarian White Geese, Anser domesticus (Hirschenhauser et al., 2000); European 
Ground Squirrel, Spermophilus citellus (Millesi et al., 2002).  Such results are not 
surprising considering that T production is usually assumed to be from non-gonadal 
tissue (e.g., adrenals, brain, adipose tissue, etc. that should not respond to GnRH or LH) 
within non-reproductive periods due to the regressed state of the gonad (reviewed in 
Adkins-Regan, 2005).  Our results indicate that male and female cardinals are capable of 
22 
 
 
significantly increasing gonadal T production following GnRH challenge during at least 
one month when the species’ gonads are known to be regressed (i.e., January; Jawor and 
MacDougall-Shackleton, 2008).  Theoretically, a regressed gonad could be capable of 
producing T following GnRH administration if appropriate receptors were present and 
sensitive in the pituitary for GnRH and the gonad for LH regardless of the organ’s size.  
Although we did not quantify the levels of GnRH in the hypothalamus, relative number 
of GnRH receptors present in the pituitary or the number of LH receptors present in the 
regressed gonad in this study, the observed increase in T production following a GnRH 
injection suggests that appropriate receptors in the pituitary and regressed gonad are 
sensitive and of the necessary number to promote androgen secretion and that GnRH 
release had likely already occurred (as suggested in Adkins-Regan, 2005).  Laboratory 
investigations are needed to further examine the extent of receptor expression and 
response during the non-breeding season of this species to fully understand why T can be 
elevated outside of the breeding season, and why some individuals gain the ability to 
respond to GnRH challenge before others do.    
 Transient elevations in T production during the non-breeding season might be 
necessary to support the prolonged territorial behavior exhibited by male and female 
cardinals.  Both sexes within breeding pairs continuously defend general-use territories 
through the use of nearly monomorphic song (duets and solitary singing) and conflict 
(Halkin and Linville, 1999; Jawor et al., 2004; Yamaguchi, 1998). Even though territories 
in our population are defended year-round, male and female song production and 
intraspecific fighting noticeably increases within the month of January and escalates until 
the onset of breeding.  This is a phenomenon that I have personally witnessed in our 
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study population.  Interestingly, the cardinal’s pattern of T production following GnRH 
challenge in the non-breeding season follows a similar path, as response magnitude of 
both sexes gradually increases as the breeding season approaches.  It has been 
demonstrated that elevations in T can support song production and aggressive behavior in 
males [song (Bernard and Ball, 1997; Boseret et al., 2006; Strand et al., 2008); aggression 
(Beletsky et al., 1990; Hau et al., 2000; Hegner and Wingfield, 1987; McGlothlin et al., 
2007; Wingfield, 1984)] and females [song (Deviche and Gulledge, 1999); aggression 
(Gill et al., 2007; Langmore et al., 2002; Sandell, 2007; Schwabl et al., 1988; Searcy, 
1988; Smith et al., 2005; Veiga et al., 2004; Zysling et al., 2006)] of other avian species 
and this could be the case for cardinals in the non-breeding period.  Therefore, it is 
plausible that a relationship might exist between the ability to elevate gonadal T levels 
within the first few months of the calendar year and the increase in territorial behavior 
displayed by male and female cardinals during this period.  The possibility of such a 
relationship warrants further investigation in this species.   
 Being capable of elevating T following GnRH challenge during the winter 
suggests that the relative importance of common environmental cues used for 
reproductive timing by most seasonally breeding birds might differ for cardinals as it 
does for some ‘flexibly’ breeding species (e.g., Red Crossbills [Loxia curvirostra], 
American Goldfinches [Carduelis tristis], Pine Siskins [Carduelis pinus], etc.), although 
additional studies are needed to confirm this (reviewed in MacDougall-Shackleton et al., 
2009).  For many seasonal breeders, photoperiod is a primary regulator of HPG axis 
activity, gonadal growth, and subsequent T secretion (Dawson et al., 2001).  When 
exposed to short days in early winter, the HPG axis remains down-regulated, gonads are 
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regressed, and T secretion is drastically reduced as individuals await the lengthened days 
of late winter and early spring (Hahn et al., 2009; MacDougall-Shackleton and Hahn, 
2007; MacDougall-Shackleton et al., 2009).  Once individuals experience longer day 
lengths in late winter and early spring, the HPG axis begins to up-regulate, resulting in 
gonadal growth and increased T production in preparation for breeding (Hahn et al., 
2009; MacDougall-Shackleton and Hahn, 2007; MacDougall-Shackleton et al., 2009).  
However, for ‘flexible’ breeders, the relative importance of external cues necessary for 
reproductive timing appears to differ, often resulting in diverse breeding patterns for 
these species (MacDougall-Shackleton et al, 2009).  Results from our study suggest that 
the cardinal might share similar physiological attributes with ‘flexible’ breeders.  The 
cardinal’s ability to increase T following GnRH challenge during the short days of early 
December is suggestive of an HPG axis that is up-regulated to an extent before 
appropriate photoperiodic cues are present (as outlined in Adkins-Regan, 2005).  Some 
individuals assessed in this study were able to nearly double T levels after injections prior 
to the winter solstice and the lengthening of days, a potential photoperiodic cue.  Yet, 
breeding in our population does not begin until early spring (April), suggesting that even 
though the HPG axis of the cardinal is initially stimulated outside of changes in day 
length, additional environmental cues (e.g., temperature, appropriate vegetation, etc., as 
in Ball and Ketterson, 2008) appear to be necessary to begin full gonadal recrudescence 
in February (Jawor and MacDougall-Shackleton, 2008) and support gamete production 
and reproductive behavior that I have witnessed in April.  Termination of breeding in this 
population is also highly variable, as Dr. Jawor and I have observed some individuals 
breeding well into autumn (i.e. October).  Future work should address the relative 
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importance of multiple environmental cues for the activation of GnRH production/release 
from the hypothalamus, the switch from regression to recrudescence of the HPG axis, 
initiation of sex steroid production, gonadal recrudescence, and breeding in this and other 
species that exhibit a similar degree of reproductive ‘flexibility’.    
 Monthly Variation in Response to GnRH Challenge.  Findings from our study and 
others (Jawor et al., 2006a; Jawor et al., 2007; McGlothlin et al., 2007) suggest that 
temporal variability in the magnitude of T response following GnRH challenge could be 
dependent on reproductive context and gonadal state and here we extend this into periods 
prior to reproduction.  For example, GnRH challenge elicits variable T responses across 
different reproductive stages within the breeding season of male (Jawor et al., 2006a; 
McGlothlin et al., 2007) and female (Jawor et al., 2007) Dark-eyed Juncos (Junco 
hyemalis).  These studies suggest that variation in T response to GnRH could depend on 
the reproductive status of individuals and relative sensitivity of the HPG axis across time.  
Our results indicate that similar mechanisms related to variable sensitivity of the HPG 
axis might influence variation in T response following GnRH challenge across the non-
breeding season of cardinals.  Increase or decrease in T response could reflect the 
production and release of GnRH from the hypothalamus, the pituitary’s ability to respond 
to GnRH outside of the breeding season, the number of LH receptors present and 
responsive on the gonad to promote T production, the relative number of Leydig cells 
present in the gonad, or some combination of these factors.  While the degree to which 
the vertebrate pituitary varies in LH secretion is debatable (Gardiner et al., 1999; 
Kriegsfeld, et al., 1999; Spinks et al., 2000; Ubuka et al., 2006 Wingfield et al., 1979), 
gonadal growth typically occurs in most songbirds within the latter months where we 
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assessed gonadal T production in cardinals (February-March, as in Bentley and Ball, 
2001).  A prior study has also demonstrated that the gonads of cardinals increase in size 
from January (testes <1mm in length, non-granular ovaries) to March (testes >3mm, 
granular ovaries; Jawor and MacDougall-Shackleton, 2008).  Therefore, the increased T 
response to GnRH challenge observed in cardinals across the non-breeding period could 
be due to changes in hypothalamic activity, enhanced sensitivity of the pituitary to 
GnRH, greater LH receptor number due to increased surface area of the gonad, an 
increase in the number of Leydig cells in the gonad, or some interrelationship of these 
factors as the breeding season approaches.  Future studies will definitely need to focus on 
actions of the hypothalamus as it is changes at this level that dictate the movement of 
individuals between non-breeding and breeding.    
 Alternatively, the observed increase in T response to GnRH of cardinals could be 
due to a change in gonadotropin-inhibitory hormone (GnIH) levels.  GnIH functions as an 
inhibitor of gonadotropin release (Ubuka et al., 2006), and has been suggested to 
influence reproductive physiology and/or behavior through inhibitory actions on the 
avian brain, pituitary, and gonad (Ubuka et al., 2008).  Studies thus far suggest that GnIH 
levels fluctuate seasonally in the avian brain (Bentley et al., 2003) and production of this 
hormone could be under photoperiodic control (Ubuka et al., 2005).  Yet, knowledge of 
how GnIH impacts reproduction is largely restricted to captive studies and information 
concerning species and sex differences in GnIH levels and function is limited.  Future 
studies with wild populations are necessary to quantify mechanistic similarities and 
differences of GnIH on reproductive function of males and females among numerous 
taxa.     
27 
 
 
 Sex Comparison of Response to GnRH Challenge.  Among most temperate birds, 
maximum levels of T produced by each sex often differ, with males typically producing 
higher levels than females (Ketterson et al., 2005).  However, based on this study and 
prior work with male and female cardinals, it appears that this species follows a different 
pattern of T production than most described temperate avian taxa (Jawor, 2007).  For 
example, initial work with this species suggests that both sexes have very similar baseline 
levels of T year-round (Jawor, 2007).  We report similar findings in that baseline levels 
of T did not differ between male and female cardinals in our population during the non-
breeding period.  Findings from our study also suggest that the magnitude to which 
cardinals can elevate T following GnRH challenge is similar between the sexes during 
the period of reproductive quiescence.  Considering that male and female cardinals 
actively defend territories year-round and a relationship between T and aggression might 
exist in both sexes (M. S. DeVries, unpubl. data), it is plausible that similar patterns in T 
production could be necessary for the display of less sexually dimorphic territorial 
behavior.  Relationships between T and non-breeding aggression deserve further attention 
in this species and others with hormone/reproductive patterns similar to cardinals. 
 Even though T production of cardinals did not significantly differ between the 
sexes during the months we assessed, males tended to have higher levels of initial T and a 
stronger response to GnRH challenge than females within the month of March.  Although 
not statistically significant, these subtle elevations of T could potentially be of 
physiological importance (Adkins-Regan, 2005).  Elevated T can have negative impacts 
on female reproduction (Clotfelter et al., 2004; Rutkowska et al., 2005; Searcy, 1988), 
and it is plausible that lower levels of T could be a physiological constraint necessary to 
28 
 
 
protect female fecundity and/or protect against potentially negative maternal effects from 
elevated yolk T at a time when egg production is likely well under way (i.e. March).  
Although some T production is essential for egg development and ovulation (Johnson, 
2000), numerous studies have demonstrated that elevated levels of T can delay the 
initiation of egg laying (Clotfelter et al., 2004; Rutkowska et al., 2005; Searcy, 1988), 
thereby reducing the number of offspring that a female could potentially produce within a 
breeding season.  Cardinals are open-cup nesters that are highly susceptible to nest 
predation (Filliater et al., 1994; Linville et al., 1998) and a delay in the onset of breeding 
could be detrimental to an individual’s fitness in this species.  Additional studies are 
needed to examine the effects of elevated T on female reproductive success in this 
species.     
 Although not examined in this study, the influence of GnRH injection on estradiol 
levels deserves future attention, particularly in regards to females.  Even though both 
sexes are capable of T aromatization, estradiol production increases in females as they 
begin depositing egg yolk into follicles immediately prior to breeding (Johnson, 2000).  
Following GnRH injections, the thecal cells of the ovary produce T in response to LH, 
which could then be aromatized to estradiol by adjacent granulose cells (Johnson, 2000).  
Therefore, it is plausible that the post-challenge T levels we assessed in March are lower 
than the actual magnitude of the T produced due to rapid conversion of the androgen into 
estrogen.  We did not assess estradiol levels of female cardinals in this study and prior 
work attempting to do so have found estradiol levels for this species were below RIA 
detection limits (J. M. Jawor, unpubl. data).  Consequently, levels of estradiol produced 
in response to GnRH challenge by females of this species warrant greater attention.  
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 Conclusions.  We conclude that male and female cardinals are capable of 
producing gonadal T following GnRH challenge within the non-breeding months.  In 
addition, the magnitude of T response following GnRH injections is very similar between 
the sexes during this period.  This study will hopefully foster additional examinations to 
determine if other species have the ability to produce gonadal T during the non-breeding 
season.  Further, our results indicate that relationships between T and non-breeding 
season behavior in males and females of this species deserve further investigative 
attention.  Considering much remains unknown about the influence of T on female 
reproductive physiology, quantifying the impact of elevated T on reproduction in female 
cardinals would be particularly beneficial.   
 
Note to Reader 
This chapter has been previously published and should be cited as follows:   
DeVries, M. S., A. L. Holbrook, C. P. Winters, and J. M. Jawor.  2011.  Non-breeding 
 gonadal testosterone production of male and female Northern Cardinals 
 (Cardinalis cardinalis) following GnRH challenge. General and Comparative 
 Endocrinology 174: 370-378. 
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CHAPTER III 
TESTOSTERONE ELEVATION AND RESPONSE TO GONADOTROPIN-
RELEASING HORMONE CHALLENGE BY MALE NORTHERN CARDINALS 
(CARDINALIS CARDINALIS) FOLLOWING AGGRESSIVE BEHAVIOR  
Abstract 
 There is much discrepancy about the relationship between testosterone (T) and 
male aggressive behavior.  For example, in birds, males of many species significantly 
elevate T levels during inter-male conflict.  However, this is not universal, and in species 
where males typically do not elevate T during aggressive interactions, concentrations of 
the hormone are often assumed to be circulating at maximum levels.  We examined if 
male Northern Cardinals (Cardinalis cardinalis) significantly elevated T during 
simulated territorial intrusions (STIs).  We also examined if individuals had the capacity 
to further elevate T levels in response to gonadotropin-releasing hormone (GnRH) 
injections immediately after an aggressive encounter.  Our results indicate that male 
cardinals do not significantly elevate T levels in response to STIs, but have the 
physiological capacity to significantly elevate T in response to GnRH injections 
following aggressive interactions.  This implies that T levels of individuals captured 
during STIs were not at maximum concentrations.  However, additional findings in this 
study also suggest the possibility that prolonged social instability could elicit significant 
elevations in T in males of this species, warranting further investigation. 
Introduction 
 Testosterone’s (T) influence on aggressive behavior in male vertebrates has been 
researched extensively (reviewed in Goymann et al., 2007).  However, definitive 
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relationships between T and male aggression are not fully established due to variation in 
T’s impact on aggressive behavior among vertebrate species (Wingfield et al., 2006).  For 
example, in birds, a correlation between elevated levels of T and male aggression exists 
for some species (e.g., Beletsky et al., 1990; Hau et al., 2000; McGlothlin et al., 2007; 
Wingfield, 1984), but not others (e.g., Apfelback and Goymann, 2011; Hunt et al., 1999; 
Lynn and Wingfield, 2008; Moore et al., 2004).  Such discrepancy of T’s impact on male 
aggression among avian species warrants further investigation of this hormone-behavior 
relationship (Lynn, 2008).     
 Many studies examining the relationship between T and territorial behavior 
provide support for the ‘challenge hypothesis’ (Wingfield et al., 1990), which suggests 
that inter-male competition is enhanced by transient elevations in T above levels required 
for breeding physiology.  In the field, such investigations are frequently accomplished 
through the use of simulated territorial intrusions (STIs) that stage a relatively short-term 
aggressive interaction between a male territory owner and a simulated ‘intruder’ (i.e. a 
decoy or captive live individual) placed within the focal bird’s territory.  Males of 
numerous avian species have demonstrated higher levels of T than their respective 
breeding concentrations following an STI, therefore supporting the challenge hypothesis 
(reviewed in Goymann et al., 2007).  Conversely, many studies do not provide support 
for the challenge hypothesis as male birds of many species do not elevate T above 
seasonally average levels in response to STIs (reviewed in Goymann et al., 2007).  In 
these latter species, male T concentration is sometimes presumed to be circulating at 
maximum levels, thus inhibiting transient elevations of the hormone.  Quantifying if 
males are physiologically capable of elevating T above circulating levels observed in 
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response to an STI has received little attention (but see Apfelbeck and Goymann, 2011).  
Therefore, it remains unclear whether males who do not elevate T above normal 
circulating levels when presented with a simulated intruder are incapable of producing 
higher androgen concentrations, or if they are physiologically capable of elevating T, but 
do not during aggressive contexts.         
 Northern Cardinals (Cardinalis cardinalis, hereafter: cardinals) are year-round 
temperate zone residents ranging from Central America to southern Canada (Halkin and 
Linville, 1999).  Breeding pairs are socially monogamous and display longer periods of 
reproduction (6+ months, Halkin and Linville, 1999) and territoriality (almost year-
round, little territorial behavior observed in Oct. and Nov.) than most temperate zone 
species (Jawor, 2007).  Territories are often occupied by the same pair for consecutive 
breeding seasons (Halkin and Linville, 1999) and paternal care of offspring may be 
essential (Linville et al., 1998).  Prior work suggests that male cardinals captured in 
passive contexts (e.g. foraging) have low, but detectable, levels of T year-round with 
little fluctuation between breeding and non-breeding seasons (Jawor, 2007).  However, it 
was unknown if infrequently observed elevated T (see Jawor, 2007) supported aggressive 
interactions among male cardinals and if T concentrations observed within this 
behavioral context were at maximum.   
 Exogenous administration of gonadotropin-releasing hormone (GnRH) can assess 
if an individual’s circulating T levels are at maximum (e.g., DeVries et al., 2011; Jawor et 
al., 2006a).  Injections of GnRH stimulate the anterior pituitary to release luteinizing 
hormone (LH), which promotes T production by the testes.  Pre-injection and post-
injection levels of T are compared to assess if an individual has the physiological 
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capacity to elevate T.  GnRH injections have been used to assess reproductive axis 
activity in males of several songbird species (e.g., Apfelbeck and Goymann, 2011; Busch 
et al., 2008; DeVries et al., 2011; Jawor et al., 2006a; Moore et al., 2002; Spinney et al., 
2006;).  However, to our knowledge, only Apfelbeck and Goymann (2011) administered 
GnRH injections to males following an aggressive encounter (i.e. an STI).  Findings from 
Apfelbeck and Goymann (2011) suggest that male Black Redstarts (Phoenicurus 
ochururos), a migratory, territorial European songbird, do not elevate T levels above 
average breeding concentrations in response to STIs, but have the physiological capacity 
to do so (Apfelbeck and Goymann, 2011).  We performed a similar investigation with 
cardinals, a species in which males exhibit comparable behavior to male black redstarts 
(e.g. highly territorial, social monogamy, etc.).  The objectives of this study were to 
determine if circulating T levels of male cardinals varied with behavioral context 
(aggressive vs. non-aggressive) and if individuals engaged in aggressive behavior were 
physiologically capable of elevating T above circulating levels following an STI.        
Materials and Methods 
 Field Methods.  This study was conducted during the month of March in 2009, 
2010, and 2011 in Hattiesburg, Mississippi, USA at the Eubanks/Lake Thoreau (ELT-
USM) property owned by the University of Southern Mississippi (USM).  Male territorial 
aggression (e.g. song, conspecific conflict, etc.) in this population of cardinals can be 
observed as early as December with a subsequent peak in March prior to the onset of 
breeding in April.  Therefore, to quantify if elevated T levels accompanied male 
responses to aggressive encounters within the peak of inter-male competition, all birds in 
this study (n=55) were captured within the month of March during the years assessed.  To 
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determine if circulating T is elevated during aggressive interactions, male cardinals were 
subjected to one of two treatments: passive capture (n=26) or capture during an 
aggressive encounter (n=29).  All birds were captured and processed between 0600-
1200h and individuals were not repeatedly sampled across treatments or years.  Upon 
capture, time of extraction was noted and birds were processed following procedures 
described for cardinals by DeVries et al. (2011).  Processing included blood collection for 
hormone analyses, administration of GnRH injections (see below), banding, and 
recording morphometric measures as part of ongoing research.  At the conclusion of 
processing, all birds were released from the point of capture.  All procedures performed 
in this study were in accordance with the Animal Behavior Society’s ‘Guidelines of the 
treatment of animals in behavioral research and teaching’ and the EU Directive 
2010/63/EU for animal experimentation.   Further, this work was conducted under 
USFWS Banding Permit #23479, MS Department of Wildlife, Fisheries, and Parks 
Scientific Collecting Permit #0201101 and approved by USM IACUC protocol 
#08081401.  Salvage of adult cardinals for taxidermic decoy preparation under USFWS 
Special Purposes Permit #MB135338-0. 
 Passive Sampling.  Twenty-six (26) individuals (2009, n=16; 2010, n=6; 2011, 
n=4) were captured passively while foraging at baited (e.g. sunflower seed, cracked corn) 
mist nets and Potter traps.  Considering that cardinals are difficult to capture passively 
during this period of peak territoriality (i.e. March), simultaneous use of numerous 
nets/traps (8+ each) was required.  Nets/traps were assessed every 20min by multiple 
field assistants and captures were immediately transported to a central location for 
processing (mean handling time: 11min, range: 1-26min).  In a prior study, handling time 
35 
 
 
(defined as time of bird extraction until first blood collection) and levels of corticosterone 
(CORT) did not negatively impact T levels in cardinals (DeVries et al., 2011) and we 
report similar findings here (see Results).  After blood sampling to assess circulating 
levels of T, twenty-four birds (24) were then administered GnRH injections (see below) 
to quantify the gonad’s ability to elevate T levels (2009, n=16; 2010, n=6; 2011, n=2; 2 
additional birds were subjected only to initial blood sampling due to impending inclement 
weather).   
 Simulated Territorial Intrusions.  Simulated territorial intrusions (STIs) were used 
to capture twenty-nine (29) individuals (2009, n=2; 2010, n=7; 2011, n=20) engaged in 
aggressive encounters.  Each STI consisted of placing a male cardinal taxidermy mount 
(taxidermy model produced in a stereotypical aggressive posture assumed by cardinals) 
and a battery-powered speaker (Altec Lansing iM207 Orbit) between two parallel mist 
nets in the center of a focal male’s territory.  At the onset of each trial, camouflaged 
observers retreated 10-15m away from the nets and began a randomly selected recording 
of male cardinal song/vocalizations from a non-population source (Cornell Lab of 
Ornithology, Macaulay Sound Laboratory) with a MP3 player (SanDisk Sansa Clip).  
Trial length was 30min or until capture of the focal male.  If territory owners did not 
respond to the STI within 30min of the onset of the vocalization broadcast, the trial was 
aborted.  Latency to respond (LTR) was recorded (within 300s: n=14, within 301-599s: 
n=5, post 600s: n=10; mean: 417s; range: 19-1560s) and defined as the first appearance 
of the focal male at the site of the ‘intrusion’.  Capturing male cardinals during STIs 
proved challenging, resulting in a relatively low capture percentage for the capture effort 
(30 captures/80 attempts = 37.5% capture success).  Considering that some studies 
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suggest an increase in T levels during STIs requires at least 10 minutes of stimulation by 
an ‘intruder’ (Wingfield and Wada, 1989), our pilot work attempted to initially attract 
individuals to the decoy with subsequent capture 10min after the initial exposure.  Yet, 
we had little success consecutively attracting male cardinals to the ‘intrusion’, especially 
if the individual attacked the decoy on the initial approach.  STI techniques were 
therefore modified and all individuals in this study were captured on their initial approach 
to the ‘intruder’.  Interestingly, levels of T did not demonstrate a significant relationship 
with STI duration or LTR (see Results below). 
        Upon capture, STI duration was noted (within 300s: n=14, within 301-599s: n=5, 
post 600s: n=10; mean: 540s; range: 30-3180s) and birds were extracted and bled within 
3min to assess circulating T levels.  In 2011, a subset of males captured during STIs 
(n=18) was also administered GnRH injections (see below) within 5 minutes of net 
extraction to quantify if the gonad could further increase T production after the 
aggressive encounter.   
 GnRH Injections.  GnRH injections were administered to all individuals (passive 
and STI captures) following procedures described for cardinals by DeVries et al. (2011).  
After capture, a blood sample was collected (~75µl plasma) from venipuncture of the alar 
wing vein to quantify initial circulating levels of T.  The individual was then injected 
intramuscularly with 100µl of a solution comprised of 2.5 µg of chicken GnRH-I 
(American Peptide Co. 54-8-23) dissolved in 1.0 M phosphate-buffered saline (PBS) 
solution.  Injections were delivered directly into the left and right pectoralis major (50µl 
each) and the bird was then immediately placed in a holding bag.  Thirty (30) minutes 
post-injection, a second blood sample was taken (~75µl plasma) to assess whether GnRH 
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injection induced elevated T levels.  Male cardinals do not significantly elevate T levels 
in response to placebo (phosphate-buffered saline) injections (DeVries et al., 2011).   
 Testosterone Analyses.  Following techniques previously described for cardinals 
(DeVries et al., 2011; Jawor, 2007), an enzyme immunoassay (EIA; Enzo Life Sciences, 
Inc., #901-065, antibody sensitivity = 5.67pg/ml plasma) was used to determine levels of 
T.  Adding approximately 2,000 cpm of H
3
-T (PerkinElmer) to each sample (30µl of 
plasma) allowed for the calculation of recoveries after triple extraction with diethyl ether 
(mean recoveries = 92%).  Extracts were re-suspended with 50µl of ethanol and diluted to 
350µl with assay buffer from the EIA kit.  From each reconstituted sample, 100µl were 
used to determine recoveries and duplicate 100µl quantities were used for the EIA.  
Levels of T were calculated using a 4-parameter logistic curve-fitting program 
(Microplate Manager; Bio-Rad Laboratories, Inc.) and corrected for incomplete 
recoveries.  Plasma samples from each individual (pre and post bleeds) were analyzed on 
the same plate.  Plate assignment and location of all samples were randomized.  Standard 
samples of known T concentration were also placed in three (3) random locations within 
each plate for calculation of intra-assay and inter-assay variation.  Intra-assay variation 
for T analyses ranged from 1.20 to 10.41%; inter-assay variation was 9.21%.   
 Corticosterone Analyses.  This study also assessed levels of CORT in addition to 
levels of T considering that CORT level increases can interfere with T production in 
some avian species (Wingfield et al., 1998).  CORT levels were measured for all samples 
using a direct radioimmunoassay (RIA) as described for cardinals (DeVries et al., 2011).  
Adding approximately 2,000 cpm of H
3
-CORT (PerkinElmer) to each sample (10µl of 
plasma) allowed for the calculation of recoveries after triple extraction with diethyl ether 
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(mean recoveries = 83%).  Following extraction, samples were re-suspended with 550µl 
of phosphate-buffered saline solution with gelatin (PBSG).  Recoveries were determined 
using 100µl of the re-suspension while duplicate 200µl quantities were used in the RIA.  
Serially diluted standard CORT solution was used to construct a standard curve.  
Antibody (Fitzgerald Industries International, 20-CR45, antibody sensitivity = 1.8ng/ml) 
and H
3
-CORT were then added to all samples and the standard curve for competitive 
binding.  Multiple samples of known CORT concentration were randomly placed within 
each assay for calculation of intra-assay and inter-assay variation.  Intra-assay variation 
ranged from 5.63-8.57%; inter-assay variation was 2.94%.  
 Statistical Analyses.  Data were analyzed with SPSS 16.0 (SPSS, Chicago, 
Illinois).  Inter-assay variation in concentrations of T and CORT in all samples was 
accounted for by application of correction factors calculated from multiple standards of 
known hormone concentration randomly distributed throughout the assays.  Corrected 
concentrations of T and CORT were then log-transformed for statistical analyses.  To 
determine if GnRH injection could induce a significant increase in levels of T in both 
passive and STI captures, paired-samples t-tests were used to compare initial levels of T 
with post-injection levels of T.  Paired-samples t-tests were also used to determine if 
individuals significantly increased CORT levels following GnRH injections.  General 
linear models (GLM) were used to examine the effects of treatment (passive vs STI), 
year, CORT, handling time (minutes), mass, LTR, and STI duration on initial T levels 
and T response to GnRH injection (calculated as ln post-injection T – ln pre-injection T).    
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Results 
 Initial Testosterone Levels.  Results indicate that initial levels of T of male 
cardinals captured passively or during aggressive contexts did not significantly differ 
(Table 6, Figure 5).  CORT levels of passively captured individuals were significantly 
higher than individuals captured during STIs (independent samples t-test:  t47= 10.48, P = 
0.0001), but there was no significant relationship between initial levels of CORT, 
handling time, or mass on initial T levels of both treatments (Table 6).  However, there 
was a significant impact of year (Table 6).  While initial levels of T of passively captured 
males did not significantly differ by year (F2, 25 = 1.26, P = 0.304), initial T  
levels of males captured in aggressive contexts within 2009 were significantly higher 
than levels of males captured in 2010 and 2011 (F2, 28 = 4.85, P = 0.02).  This year (2009)  
Table 6 
 
General linear model analysis of initial T levels of male cardinals in passive vs 
aggressive contexts (treatment).  Asterisk denotes statistical significance. 
 
 
 
Effects 
 
 
DF 
     
 
F 
  
 
P 
 
 
Treatment 
 
1, 32 
   
  0.02 
  
0.88 
 
Year 2, 32 11.01 <0.0001* 
 
Mass 1, 32   0.43 0.52 
 
CORT 1, 32   2.09 0.16 
 
Handling time 1, 32   0.02 0.88 
 
 
also had the lowest sample size of aggressive captures (n=2) within our dataset.  If these  
two individuals are removed from the dataset, there is no longer a significant impact of 
40 
 
 
year (F2, 30= 1.38, P = 0.27) and effects of additional covariates (CORT, handling time,  
mass) remain non-significant (all F’s < 2.35, all P’s > 0.14).  Additional measures 
recorded during STIs (LTR and STI duration) did not demonstrate significant 
relationships with initial T levels of STI captures (all F’s < 0.29, all P’s > 0.39, Figures 6, 
7).  Mean and range of initial T levels of captures within each behavioral context are 
summarized in Table 7.   
Table 7   
 
Mean initial T, mean post-GnRH challenge T, and mean T response to GnRH challenge 
of male cardinals captured in passive and aggressive contexts (during STIs). T levels in 
ng/ml. 
 
 
 
 
Context 
 
 
Mean  
Initial T 
 
 
Initial  
T Range 
 
 
Mean 
Post T 
 
 
Post 
T Range 
 
 
Mean                 
T Response 
 
 
Passive 
 
1.18  
 
0.39-2.91  
 
3.00  
 
0.82-6.4  
 
1.82  
 
STI 1.93 0.46-8.57 3.85 1.23-7.5 1.92 
 
 
 Response to GnRH Injection.  Male cardinals captured in passive and aggressive 
contexts significantly elevated T levels in response to GnRH injections (passive captures: 
paired samples t-test, t23 = 8.17, P < 0.0001; STI captures: paired samples t-test, t17 = 
5.09, P < 0.0001).  Further, the magnitude of T response to GnRH injection of male 
cardinals did not significantly differ when administered in passive and aggressive 
behavioral contexts (Table 8, Figure 5).  Both passive and aggressive captures produced 
significant elevations of CORT following GnRH injections (passive captures: paired 
samples t-test, t22 = 3.07, P = 0.006; STI captures: paired samples t-test, t16 = 9.88, P < 
0.0001), but there was no significant effect of CORT on T response to GnRH injection of 
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either treatment (Table 8).  Further, there was no impact of handling time or mass on T 
response of either treatment (Table 8).  Considering that all GnRH injections 
administered to birds captured during STIs were delivered in 2011, there was no effect of 
date on T response of individuals captured during aggressive encounters.  In addition,  
there was no effect of date on GnRH injections administered to passive individuals across 
2009, 2010, and 2011 (F2, 23= 0.15, P = 0.25).  Additional measures recorded during STIs 
(LTR and STI duration) did not demonstrate significant relationships with T response to 
GnRH injection of STI captures (all F’s < 0.14, all P’s > 0.71).  Mean post-injection and 
injection response levels of T within each behavioral context are found in Table 7.   
 
Figure 5.  Comparison of ln initial, ln post-challenge, and ln response testosterone (T) 
levels of male cardinals captured in passive vs. aggressive contexts.  Gray bars represent 
passively captured individuals.  Hashed bars represent individuals captured in aggressive 
contexts.   
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Table 8 
 
General linear model analysis of T levels following GnRH challenge of male cardinals in 
passive vs. aggressive contexts (treatment).   
 
 
 
Effects 
 
 
DF 
     
 
F 
  
 
P 
 
 
Treatment 
 
1, 17 
   
0.44 
 
0.52 
 
Mass 1, 17   0.01 0.92 
 
CORT 1, 17   3.27 0.09 
 
Handling time 1, 17   0.14 0.71 
 
 
 
Figure 6.  A non-significant relationship between initial testosterone (T) levels and 
latency to respond to intrusions by individuals captured during simulated territorial 
intrusion (STI).  Circles represent individuals. 
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Figure 7.  A non-significant relationship between initial testosterone (T) levels and time 
until capture of individuals captured during simulated territorial intrusion (STI).  Circles 
represent individuals. 
 
Discussion 
 
 Similar to recent studies reporting a lack of a relationship between elevated T and 
territorial aggression in males of some tropical avian species (e.g., Busch et al., 2008; 
Moore et al., 2004) our data show that levels of T were not significantly elevated in male 
cardinals responding aggressively to STIs.  Our results also demonstrate that male 
cardinals were physiologically capable of elevating gonadal T in response to GnRH 
injections delivered immediately after an STI, suggesting that circulating T 
concentrations during these aggressive interactions were not at maximum.  To our 
knowledge, only one other study has simultaneously examined T concentrations in 
response to STIs and the physiological potential to produce elevated T using the same 
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individuals (male Black Redstarts; Apfelbeck and Goymann, 2011).  Further, Apfelbeck 
and Goymann’s (2011) initial study with male Black Redstarts is the only investigation 
we are aware of to yield similar findings as to what we report here with male cardinals.   
 Initial Testosterone and Aggression.  Males of many socially monogamous 
songbird species demonstrate a seasonal peak in T levels at the onset of breeding to 
support the development of the male reproductive system (reviewed in Adkins-Regan, 
2005).  In several species, this seasonal peak also occurs at the height of inter-male 
competition for mates and resources, resulting in higher T levels during this period of 
social instability (i.e. the challenge hypothesis, Wingfield et al., 1990).  Similar to many 
taxa that support the challenge hypothesis, male cardinals show a seasonal peak in T 
levels (although a very modest increase) immediately before the onset of breeding 
(DeVries et al., 2011; Jawor, 2007).  In addition, circulating initial levels of T at the onset 
of breeding are very similar between multiple populations of this species (northern 
population: Jawor, 2007; southern population: DeVries et al., 2011).  However, the 
annual T profiles of cardinals are unique among temperate songbirds in that, excluding 
the month prior to breeding, both males and females display year round low levels of T 
that are nearly identical in pattern (Jawor, 2007).  Considering this study demonstrates 
that male cardinals did not significantly elevate T in response to STIs, it is plausible that 
the subtle increase in male levels of T before breeding is necessary to support final 
gonadal growth and sperm maturation, but not aggressive behavior (Wingfield et al., 
2001).    
 Alternatively, it is plausible that a relationship could exist between subtle 
elevations in T and aggressive behavior in male cardinals.  In this study, T concentrations 
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of passive individuals and those caught during STIs were not statistically different; 
however, subtle elevations of a steroid hormone could be of biological importance, even 
if no statistical difference between hormone levels of treatment groups exists.  Recent 
studies with tropical birds have suggested that high elevations in T might not be 
necessary to support male aggression in some species.  For example, male Rufus-collared 
Sparrows (Zonotrichia capensis, Moore et al., 2004) and male Song Wrens (Cyphorhinus 
phaeocephalus, Busch et al., 2008) do not elevate T in response to STIs, yet exhibit high 
levels of aggression for much of the year.  It has been proposed that such species might 
not be entirely divorced from the influence of T on aggressive behavior, but rather use 
lower levels of the hormone more efficiently (Hau et al., 2000).  This could be 
accomplished through greater numbers of androgen receptors in the brain (Canoine et al., 
2007) or the rapid impact of neurosteroids (Adkins-Regan, 2005).  Further, aggressive 
behavior might be more influenced by the conversion of androgens to estrogens (E2) in 
the brain than by circulating androgens alone (Wingfield et al., 2006).  It is plausible that 
since many tropical species exhibit year-round territoriality, having greater sensitivity to 
lower levels of T might be necessary to avoid the potential costs of chronically elevated 
androgens (e.g. energetic costs, reduced immunity, increased mortality, etc., Wingfield et 
al., 2001).  Considering that male cardinals share many hormonal and behavioral 
characteristics with tropical species (e.g. low levels of T year-round, lack of T elevation 
during STIs, prolonged territoriality, etc.), it is possible that aggressive behavior in males 
of this species is facilitated through greater sensitivity to lower levels of T, lesser 
elevations of T, and/or by the conversion of androgens to estrogens.  Clarifying 
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relationships between androgen sensitivity, estrogen impact, and aggressive behavior 
deserves greater attention in this species and others like it.     
 A dissociation between elevated T and aggressive behavior has also been 
described for several non-tropical species (e.g., Lapland Longspurs, Calcarius 
lapponicus, Hunt et al., 1997; Chestnut-collared Longspurs, Calcarius ornatus, Lynn and 
Wingfield, 2008; Gambel’s White-crowned Sparrows, Zonotrichia leucophrys gambelli, 
Meddle et al., 2002; and Snow Buntings, Plectrophenax nivalis, Romero et al., 1998).  
Considering that elevated T can detract from male parental care in a number of avian 
species, including Pied Flycatchers (Ficedula hypoleuca, Silverin, 1980), House 
Sparrows (Passer domesticus, Hegner and Wingfield, 1987), Reed Warblers 
(Acrocephalus scirpaceous, Dittami et al., 1991), Dark-eyed Juncos (Junco hyemalis, 
Ketterson et al., 1992; McGlothlin et al., 2007; Schoech et al., 1998), Yellow-headed 
Blackbirds (Xanthocephalus xanthocephalus, Beletsky et al., 1995), Barn Swallows 
(Hirundo rustica, Saino and Möller, 1995), Spotless Starlings (Sturnus unicolor, Moreno 
et al., 1999), European Starlings (Sturnus vulgaris, De Ridder et al., 2000), House 
Finches (Carpodacus mexicanus, Stoehr and Hill, 2000), Blue-headed Vireos (Vireo 
solitarius, Van Roo, 2004), and Snow Buntings (Lynn et al., 2005), it is plausible that a 
divorce between elevated T and aggressive behavior in some species might be necessary 
to ensure uninterrupted paternal care if male care is essential to the survival of the brood 
(i.e. essential paternal care hypothesis; Lynn, 2008).  Male cardinals contribute 
significantly to feeding nestlings and fledglings (Filliater and Breitwisch, 1997) and, 
within this population, I have witnessed that females attempting to raise offspring alone 
often fail.  This implies that paternal care in this species could be essential and a divorce 
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between elevated T and aggression might be necessary to ensure a male’s contribution to 
offspring care.  Such possible interrelationships between T, aggression, and paternal care 
should be further examined in this species.     
 The relationship between levels of T and CORT in this species also deserves 
further attention.  Even though passively captured birds in this study were not sampled 
immediately after capture, T levels of these individuals are very similar to T levels 
reported in another population of cardinals in which birds were sampled within 5min of 
capture (Jawor, 2007).  Thus far, two studies (DeVries et al., 2011) have reported no 
significant interaction between levels of CORT and T (both initial and post GnRH 
challenge hormone levels), even though male cardinals are capable of mounting robust 
stress responses when restrained (DeVries et al., 2011).  While elevated CORT often 
impedes gonadal T production in many vertebrates (reviewed in Wingfield et al., 1998), 
there are some avian species in which CORT implants does not depress T production 
(e.g. Song Sparrows, Melospiza melodia, Wingfield and Silverin, 1986).  Considering 
that cardinals must balance dealing with stressors and breeding attempts over a lengthy 
period of reproduction (6+ months), it is plausible that this species might be less 
susceptible to interruptions in gonadal T production caused by frequent fluctuations in 
CORT, as this could impair reproductive success.     
 Testosterone in Response to GnRH Injections.  In contrast to maintaining 
relatively constant levels of T year-round, the degree to which male cardinals elevate T in 
response to GnRH injections varies considerably with life history stage.  Male T response 
to GnRH is greatest immediately prior to breeding (DeVries et al., 2011), dampens 
significantly during paternal care (DeVries et al., in press), and is terminated during molt 
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(Jawor and Winters, unpubl. data).  Males then quickly regain the ability to elevate T in 
response to GnRH injections during the winter (December) as territorial behavior 
increases (DeVries et al., 2011).  Whether this variation in T response is regulated at the 
level of the pituitary or the testes in this species is unknown and deserves further 
investigation.  Yet, such variation in the ability to elevate T throughout the year is 
puzzling if T is never, or rarely, elevated to maximum concentrations during aggressive 
interactions.  This study did yield some evidence suggesting that male cardinals can 
significantly elevate T in response to social stimuli, but perhaps only under certain 
conditions.  While male cardinals did not collectively significantly elevate T during STIs, 
we did capture a few individuals engaged in aggressive behavior (n=3) that had much 
higher circulating levels of T than the majority of individuals sampled.  Circulating T 
levels of these individuals varied from 5-8.5 ng/ml, (Table 7), well above the average T 
levels assessed in both passive and aggressive contexts (Table 7).  Even though T values 
of these individuals could be considered outliers, inclusion of these values did not skew 
the outcome of statistical tests and demonstrated that T concentrations of male cardinals 
can be elevated by means other than GnRH injections.  For example, these three 
individuals had lost usable territory area to a prescribed burn about a week before 
exposure to an STI.  It is unknown if the mates of these three individuals remained on the 
territory following the burn or if these males were actively seeking new mates.  
Therefore, it is possible that T was elevated in these individuals to support a sudden 
increase in courtship behavior. 
Alternatively, T elevation in individuals affected by the burn might have been 
necessary to sustain prolonged, intense male-male competition.  Territorial behavior (e.g. 
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conflict, chasing, song) in burned areas dramatically increased as males attempted to re-
establish territory boundaries and conflict levels remained elevated until the onset of 
breeding.  It is plausible that this prolonged period of social instability was the stimulus 
necessary to induce high T elevations in these three male cardinals.  If such is the case, 
then our study might have been limited by the ‘standard’ STI technique.  The duration of 
most described STIs is less than two hours, therefore assessing an individual’s response 
to a relatively short-term aggressive encounter.  Wikelski et al. (1999) found that male 
Spotted Antbirds (Hylophylax n. naevioides) did not significantly elevate T until at least 
two hours of exposure to conspecific playback and our preliminary data suggest that T 
elevations in male cardinals might follow similar operating rules.  Similar to many 
tropical species, male cardinals display year-round territory occupancy and prolonged 
territorial defense behavior.  Long-term territory occupancy results in relatively stable 
territory boundaries and little conflict between established neighbors.  Intrusion attempts 
by ‘floaters’ within the population are usually ameliorated quickly with song and/or 
chasing and I have witnessed that persistent take-over attempts are rare.  It is plausible 
that high transient elevations in T might not be necessary to support such short-term 
aggressive interactions.  Instead, high T elevations might only be necessary to support 
lengthy displays of territorial behavior due to infrequent prolonged social instability.  A 
recent study suggests that levels of aggression and T concentrations of male Blue –black 
Grassquits (Volatinia jacarina) were influenced by the rate of competitive interactions 
experienced by the individual (Lacava et al., 2011; but see Apfelbeck et al., 2011 for 
different results with male black redstarts).  Given that male cardinals have the 
physiological capacity to elevate T and that prolonged social instability might elicit them 
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to do so, investigations examining relationships between competitiveness levels and T 
concentrations should be performed with this species.   
 Conclusions.  Our findings suggest that male cardinals do not significantly elevate 
T levels in response to STIs, but have the physiological capacity to do so.  Thus far, 
males of at least two songbird species (i.e. Black Redstarts, Northern Cardinals) have 
demonstrated that a lack of significant T elevation during aggressive interactions was not 
due to the bird’s inability to produce greater amounts of the hormone.  Considering that 
both species share several behavioral characteristics (e.g. social monogamy, prolonged 
territoriality), it is likely that these findings could be applicable to other taxa exhibiting a 
similar behavioral ecology.  Further, this study implies that male cardinals might 
drastically elevate T levels only when exposed to prolonged social instability.  This topic 
deserves greater attention in this species and others.    
 
Note to Reader 
This chapter has been previously published and should be cited as follows: 
DeVries, M. S., C. P. Winters, and J. M. Jawor.  2012. Testosterone elevation and 
 response to gonadotropin-releasing hormone challenge by male Northern 
 Cardinals (Cardinalis cardinalis) following aggressive behavior. Hormones and 
 Behavior 62:  99-105. 
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CHAPTER IV 
ELEVATED TESTOSTERONE MIGHT NOT BE NECESSARY TO SUPPORT 
FEMALE AGGRESSION IN INCUBATING NORTHERN CARDINALS 
(CARDINALIS CARDINALIS) 
Abstract 
 Testosterone’s (T) influence on male aggression has been well established in 
many vertebrate species, but the impact of T on female aggressive behavior is poorly 
understood.  Among birds, a link between elevated T and female aggression is plausible, 
as females of many species exhibit a seasonal peak in T concentrations at the onset of 
breeding when social instability is greatest.  However, investigations examining the 
relationship between T and female aggression are few and have yielded conflicting 
results, with experimentally or endogenous elevated T supporting aggressive behavior in 
females of some species, but not others.  We examined the relationship between 
endogenous levels of T and female aggression in the Northern Cardinal (Cardinalis 
cardinalis), a resident temperate species in which pairs exhibit prolonged territoriality 
(9+ months), females have measurable levels of T year-round, and have the physiological 
capacity to elevate T levels within the non-breeding season.  Using simulated nest 
intrusions, we assessed aggressive responses of incubating females to intrasexual 
‘intruders’ at the nest and quantified T levels after each aggressive encounter.  Results 
indicate that female cardinals do not significantly elevate T in response to intrasexual 
‘intruders’ at the nest during incubation.  Displays of aggression towards ‘intruders’ 
varied among females; yet, individuals exhibiting greater levels of aggression did not 
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demonstrate higher levels of T.  These results imply that significantly elevated T might 
not support maternal aggression in this species.   
Introduction 
Quantifying relationships between steroid hormones and vertebrate aggression has 
received much investigative attention.  Collectively, such studies suggest that the 
relationship between sex steroids and aggressive behavior is complex, as the connection 
between a hormone and a behavior can vary among reproductive contexts, seasons, sexes, 
and species (Adkins-Regan, 2005).  Among birds, testosterone’s (T) influence on male 
aggression has been researched extensively, with many of these studies indicating that 
elevated levels of T support male aggressive behavior (e.g., Beletsky et al., 1990; Geslin 
et al., 2004; Hau et al., 2000; McGlothlin et al., 2007; Wingfield, 1984, 1994; but see 
Apfelbeck and Goymann, 2011; DeVries et al., 2012; Hunt et al., 1997; Lynn and 
Wingfield, 2008; Moore et al., 2004) for examples of species for which this is not the 
case).  However, the relationship between T and female aggression is still not clearly 
understood, for even though female birds of many species behave aggressively (e.g., Cain 
et al., 2011; Rosvall, 2008; Sandell, 1998; Yusukawa and Searcy, 1982), they have been 
subject to much less research than males (Ketterson et al., 2005).  
The few studies that have examined relationships between T and female 
aggression in birds have yielded conflicting results.  Females of several species (e.g. Red-
winged Blackbirds, Agelaius phoeniceus, Cristol and Johnsen, 1994; Cliff Swallows, 
Petrochelidon pyrrhonota, Smith et al., 2005) demonstrate a seasonal peak in T levels 
during periods of intense social instability (e.g. territorial establishment, mate attraction, 
etc.), implying that greater concentrations of T might support aggressive behavior.  
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Several studies have attempted to determine if elevations of T accompany displays of 
female aggression as proposed by the ‘challenge hypothesis’ (Wingfield et al., 1990). 
Yet, results are mixed from studies attempting to quantify such a relationship.  For 
example, elevated levels of T were not present following aggressive behavior in female 
European Stonechats (Saxicola torquata, Gwinner et al., 1994; Canoine and Gwinner, 
2005), Song Sparrows (Melospiza melodia, Elekonich and Wingfield, 2000), Spotted 
Antbirds (Hylophylax n. naevioides, Hau et al., 2004), Dark-eyed Juncos (Junco 
hyemalis, Jawor et al., 2006b), and African Black Coucals (Centropus grillii, Goymann et 
al., 2008), but T concentrations were higher in Buff-breasted Wrens (Thryothorus 
leucotis, Gill et al., 2007) following exposure to a female decoy and in Dunnocks 
(Prunella modularis, Langmore et al., 2002) after experimental removal of males 
encouraged competition among females.  Experimentally elevated T levels have also 
produced conflicting impacts on female aggression as T implants increased aggressive 
behaviors in female Song Sparrows (Wingfield, 1994), Dark-eyed Juncos (Zysling et al., 
2006), and European Starlings (Sturnis vulgaris, Sandell, 2007), but not in European 
Robins (Erithacus rubecula; Kriner and Schwabl, 1991).      
Even though they may be few in number, the aforementioned studies are unified 
in that they assessed relationships between T and female territorial aggression.  Almost 
nothing is known about connections between T and other forms of aggressive behavior 
performed by female birds, such as maternal aggression.  Performance of this type of 
aggression is essential for insurance of a female’s reproductive success as she defends 
eggs/offspring from potential destruction and/or brood parasitism (Nelson, 2006).  
Further, females of many species have detectable T levels during incubation/nestling 
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feeding (Ketterson et al., 2005), which in some cases, are not significantly lower than 
peak concentrations of T characteristic of the pre-breeding period (e.g. Jawor et al., 
2007).  Considering that circulating T is abundantly present during periods when females 
of many species are aggressively defending nests, it is plausible that a relationship 
between elevated T and maternal aggression could exist.   
Several behavioral characteristics of female Northern Cardinals (Cardinalis 
cardinalis; hereafter “cardinals”) render them ideal candidates to examine relationships 
between T and maternal aggression.  Cardinals are year-round residents ranging from 
Central America to southern Canada (Halkin and Linville, 1999).  This species is socially 
monogamous, multi-brooded, displays prolonged territoriality (9+ months, Halkin and 
Linville, 1999; Jawor, 2007) and has a lengthy breeding season (6+ months; Halkin and 
Linville, 1999).  From a behavioral perspective, female cardinals are unique among other 
female temperate zone passerines in that they actively participate in territorial defense 
through the display of male-like aggression (e.g. conflict, song, etc.) towards intrasexual 
and intersexual conspecifics for most of the year (Halkin and Linville, 1999; Jawor et al., 
2004).  Cardinals are also open-cup nesters that suffer a high depredation rate (Filliater et 
al., 1994) and intraspecific brood parasitism is known to occur (Linville, 1997).  
Consequently, displays of maternal aggression at the nest are frequent as female cardinals 
protect their reproductive investment (Jawor et al., 2004).   
Female cardinals also demonstrate unusual patterns of T production.  For 
example, female cardinals have measurable levels of T present year-round (Jawor, 2007) 
that are higher than many values previously reported for females of other species 
(reviewed in Ketterson et al., 2005).  Further, the annual T profile of female cardinals is 
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nearly identical in pattern to that of males (Jawor, 2007).  Prior work with the population 
assessed in this study also suggests that female cardinals can significantly increase T 
concentrations in response to standardized gonadotropin-releasing hormone (GnRH) 
injections during the non-breeding through pre-breeding periods (see DeVries et al., 2011 
for further detail).  Given that female cardinals are highly aggressive at the nest, have 
considerable amounts of circulating T year-round, and have the physiological capacity to 
transiently increase T levels during at least some portions of the year, it is plausible that a 
relationship could exist between elevated T and maternal aggression in this species.  
Therefore, the objectives of this study were to determine if circulating T levels of 
incubating female cardinals varied by behavioral context (aggressive vs. non-aggressive) 
and if a relationship existed between T concentrations and the degree of aggressive 
behavior displayed in response to a simulated intrasexual, conspecific ‘intruder’ at the 
nest (see below).   
Materials and Methods 
 General Field Methods.  This research was conducted at the Eubanks/Lake 
Thoreau (ELT-USM) property owned by the University of Southern Mississippi (USM) 
in Hattiesburg, Mississippi.  In this population of cardinals, females begin building nests 
in late March to early April and the breeding season often continues through mid to late 
September.  This study was performed during April-June within the 2008, 2009, 2010, 
and 2011 breeding seasons.  Nests were located through systematic searching from mid-
March through early June.  To determine if circulating T is elevated during aggressive 
interactions, female cardinals were either captured at the nest following a simulated 
aggressive encounter (n=29) or captured at the nest without exposure to a potential 
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‘intruder’ (n=17).  Most females were randomly subjected to only one treatment 
(aggressive encounter, n=24; non-aggressive context, n=12); however, due to the limited 
size of this population of cardinals, some individuals were captured in both aggressive 
and non-aggressive contexts (n=5; accounted for in statistical analyses-see below).  To 
prevent subjecting an individual to the potential stress of repeated capture at the nest 
within a short period of time (which might have negative impacts on incubation 
behavior), females exposed to both treatments were only exposed to one randomly 
selected treatment within a single breeding season (e.g. a female captured during an 
aggressive encounter in 2010 was captured in a non-aggressive context in 2011).  No 
individuals were repeatedly sampled within a single treatment.  All birds were captured 
and processed between 0600-1200h.  Upon capture, time of extraction was noted and 
birds were processed following procedures described for cardinals by DeVries et al. 
(2011, 2012).  Processing included blood collection for T analyses (brachial vein 
puncture), banding individuals (U.S. Fish and Wildlife band, plus a unique combination 
of color bands), and recording morphometric measures as part of ongoing research.  Birds 
were released from the point of capture at the conclusion of processing.  Blood samples 
were centrifuged and plasma extracted and frozen at -20 °C until hormonal analyses.  All 
procedures performed in this study were in accordance with the Animal Behavior 
Society’s ‘Guidelines of the treatment of animals in behavioral research and teaching’ 
and the EU Directive 2010/63/EU for animal experimentation.  Further, this work was 
conducted under USFWS Banding Permit #23479, MS Department of Wildlife, Fisheries, 
and Parks Scientific Collecting Permit #0201101 and approved by USM IACUC protocol 
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#11092214.  Salvage of adult cardinals for taxidermic decoy preparation is approved 
under USFWS Special Purposes Permit #MB135338-0. 
 Simulated Nest Intrusions.  Simulated nest intrusions (SNIs) were conducted from 
April-June 2008 (n=3), 2009 (n=9), 2010 (n=14), and 2011 (n=3) to capture female 
cardinals engaged in aggressive behavior.  After each nest was located, one-hour 
incubation watches were performed on two separate days to determine each female’s 
preferred flight paths to and from the nest.  Pilot work with this species suggested that 
SNIs performed prior to the third day of incubation could induce nest abandonment; 
therefore, SNIs were only performed on days 3-12 of incubation.  All SNIs were 
conducted as follows:  While a focal female was away from her nest, a female cardinal 
taxidermy mount was placed within 1m of the nest cup.  Camouflaged researchers 
retreated 10-15m away from the nest to observe the female’s reaction to the ‘intruder’.  
Upon the return of the focal female to the nest area, the trial began and her behavioral 
response to the decoy was assigned an aggressive score modified from Kontiainen et al. 
(2009):  1 = Aggressive posturing from a distance >5m, 2 = Aggressive posturing from 
distances 2-5m, 3 = Aggressive posturing within 2m, 4 = ‘Mild’ attack on decoy (e.g., 
pecking at decoy’s feet, face, etc.), 5 = ‘Major’ attack on decoy (e.g., multiple hits on 
decoy in quick succession).  The decoy was allowed to remain in position for 5min or 
until it was physically struck by the focal female.  After either 5min following the return 
of the focal female to the nest area or a physical attack on the ‘intruder’, the decoy was 
removed and mist nets were opened across the female’s preferred flight paths to capture 
her upon returning to the nest post-intrusion.  Nets remained open for 1h following the 
female’s response to the decoy.  Once captured, females were extracted and bled within 
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3min to assess circulating T levels.  Aggressive score (1-5), time of closest approach to 
the decoy (mean: 56s, range: 1-300s) within the behavioral trial, time of capture (mean: 
1270s, range: 100-3120s), and day of incubation (day 3-12) were recorded and each 
individual was quickly processed (see above).  At the conclusion of processing, 
individuals were released at the point of capture.  If females were not captured within 1h 
of the behavioral trial, the capture attempt was aborted.  Because cardinals share song and 
other sexually monomorphic vocalizations (male pair members were present during 62% 
of trials), vocalizations could not be reliably assigned to the female and were not included 
in analyses.  Capture success using the aforementioned SNI procedure was 72.5% (29 
captures/40 attempts).   
 Non-Aggressive Sampling.  To quantify levels of circulating T in incubating 
females not engaged in aggressive behavior (i.e. controls), females (n=17) were captured 
at the nest without exposure to a simulated nest intruder during the 2010 (n=8) and 2011 
(n=9) breeding seasons.  Similar to techniques used for SNIs, the preferred flight paths of 
‘control’ females to and from the nest were determined during one-hour incubation 
watches conducted on two separate days prior to a capture attempt.  During a capture 
attempt, nets were placed in a female’s preferred flight paths while she was away from 
the nest.  When captured upon returning to the nest, individuals were extracted and bled 
(< 3min) to assess circulating levels of T, processed (see above), day of incubation was 
noted, and the bird was released at the point of capture.  Nets remained open for 1h or 
until successful capture.  If the female was not captured within 1h of opening nets, nets 
were removed and the trial was aborted.   
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 Testosterone Analyses.  Following techniques previously described for cardinals 
(DeVries et al., 2011, 2012; Jawor, 2007), an enzyme immunoassay (EIA; Enzo Life 
Sciences, Inc., #901-065, antibody sensitivity = 5.67pg/ml plasma) was used to determine 
levels of circulating T. Approximately 2,000 cpm of H
3
-T (PerkinElmer) was added to 
each sample (30µl of plasma) to allow for the calculation of recoveries following triple 
extraction with diethyl ether (mean recoveries = 89%).  Extracts were re-suspended with 
50µl of ethanol and diluted to 350µl with assay buffer from the EIA kit.  From each 
reconstituted sample, 100µl were used to determine recoveries and duplicate 100µl 
quantities were used for the EIA.  Levels of T were calculated using a 4-parameter 
logistic curve-fitting program (Microplate Manager; Bio-Rad Laboratories, Inc.) and 
corrected for incomplete recoveries.  Plasma samples from each individual were analyzed 
on the same plate.  Plate assignment and location of all samples were randomized.  
Standard samples of known T concentration were also placed in three (3) random 
locations within each plate for calculation of intra-assay and inter-assay variation.  Intra-
assay variation for T analyses ranged from 5.30 to 9.00%; inter-assay variation was 3.7%.   
 Corticosterone Analyses.  Considering that the presence of a simulated ‘intruder’ 
at the nest might elicit a stress response in incubating females, levels of corticosterone 
(CORT) were also assessed in all individuals captured in both behavioral contexts.  A 
second EIA (Arbor Assays, LLC, #K014-H5, antibody sensitivity 16.9 pg/ml) was used 
to determine levels of circulating CORT.  Kit antibody has cross reactivity with 
desooxycorticosterone 12.3%, tetrahydrocorticosterone 0.76%, aldosterone 0.62%, 
cortisol 0.38%, progesterone 0.24%, cortisone <0.08%, and is not influenced by radio-
labeled CORT (H
3
 spiked/unspiked plasma pool comparison, independent samples T test: 
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t = 1.37, df = 19, P = 0.18).  Approximately 2,000 cpm of H
3
-CORT (PerkinElmer) was 
added to each sample (10µl of plasma) to allow for the calculation of recoveries 
following triple extraction with diethyl ether (mean recoveries = 88%).  Extracts were re-
suspended with 400µl with assay buffer from the EIA kit.  Following extraction, we 
adhered to kit manufacturer’s directions, including the use of a 5-point standard curve as 
outlined in kit methods.  From each reconstituted sample, 100µl were used to determine 
recoveries and duplicate 50µl quantities were used for the EIA.  Levels of CORT were 
calculated using a 4-parameter logistic curve-fitting program (Microplate Manager; Bio-
Rad Laboratories, Inc.) and corrected for incomplete recoveries.  Plasma samples from 
each individual were analyzed on the same plate.  Plate assignment and location of all 
samples were randomized.  Samples from a homogenized plasma pool (Northern 
Bobwhite, Colinus virginianus) served as standards and were placed in four (4) random 
locations within each plate for calculation of intra-assay and inter-assay variation.  Intra-
assay variation for CORT analyses ranged from 4.41 to 9.19%; inter-assay variation was 
4.78%.   
 Statistical Analyses.  Data were analyzed with SPSS 16.0 (SPSS, Chicago, 
Illinois).  To account for inter-assay variation, correction factors were calculated from 
multiple standards of known hormone concentration placed randomly throughout each 
assay and applied to all T and CORT samples.  All corrected values of T and CORT were 
then natural log-transformed for statistical analyses.  A linear mixed model (LMM) was 
used to examine the effects of numerous variables on T concentrations.  Fixed factors 
within the model included behavior context (SNI vs. control), year, and day of 
incubation, while mass and CORT levels were entered as covariates.  Individual identity 
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was the random repeated effect to account for repeated sampling across treatments.  
General linear models (GLM) were also used to examine the effects of aggression score 
(1-5), time of closest approach to decoy, and time until capture on levels of T and CORT 
of females captured during SNIs. Considering that blood sampling of all individuals was 
within 3 minutes, handling time was excluded from statistical analyses.    
Results 
 Behavioral Context Comparison of Hormone Levels.  Results indicate that T 
levels of incubating female cardinals captured in aggressive or non-aggressive contexts 
did not significantly differ (Table 9).  In addition, there was no significant effect of year, 
day of incubation, levels of CORT, or mass on T concentrations in either behavioral 
context (Table 9, Figure 8).  Concentrations of CORT also did not significantly differ 
between behavioral contexts (F1, 20 = 0.54, P = 0.47).  Further, there was no significant 
impact of year, day of incubation, levels of T, and mass on CORT levels in SNI and 
control females (all F’s < 1.78, all P’s > 0.14).  Table 10 summarizes mean T and CORT  
levels and ranges of T and CORT levels of females captured within each behavioral 
context.   
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Table 9 
 
Linear mixed model analysis assessing impact of behavioral context (aggressive vs. non-
aggressive), year, day of incubation, CORT level, and mass on T concentrations of 
incubating female cardinals.   
 
 
 
Fixed effects 
 
 
Estimate 
 
 
DF 
 
 
F 
 
 
P 
 
 
Behavior Context 
  
1, 19.67 
 
0.11 
 
0.74 
 
Year  2, 19.66 1.09 0.36 
 
Day of Incubation    9, 19.48 1.29 0.30 
 
CORT    0.07 1, 19.32 0.22 0.64 
 
Mass   -0.01 1, 20.00 0.59 0.81 
 
  
 Additional Variables Within Simulated Nest Intrusions.  When examining females 
captured within aggressive contexts, results suggest that year, day of incubation, mass, 
levels of CORT, aggression score, time of closest approach, and time until capture did 
not significantly affect T levels of females captured during SNIs (all F’s < 3.01, all P’s > 
0.16, Figure 9).  These variables also did not significantly impact circulating levels of 
CORT of incubating females assessed during aggressive encounters  
(all F’s < 0.49, all P’s > 0.40, Figure 10).  Relationships between aggression scores and 
year assessed, day of incubation, mass, time of closest approach to the decoy, and time 
until capture were also non-significant (all F’s < 1.75, all P’s > 0.24).   
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Figure 8. Relationship between T and CORT levels of incubating female cardinals 
captured during SNIs (filled circles) and non-aggressive contexts (open circles).   
 
Table 10 
 
Mean T, T range, mean CORT, and CORT range of female cardinals captured in passive 
and aggressive contexts (during SNIs). All hormone levels in ng/ml. 
 
 
 
Context 
 
 
Mean T 
 
 
T Range 
 
 
Mean CORT 
 
 
CORT Range 
 
 
Intrusion 
Captures 
 
0.96  
 
0.35-1.65  
 
8.67  
 
1.00-21.1  
 
 
Control 
Captures 
0.77 0.26-1.20 6.73 1.41-12.86 
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Figure 9.  Relationship between T levels and time until capture of incubating female 
cardinals captured in aggressive contexts (SNIs).  Circles represent individuals.  
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Figure 10.  Relationship between CORT levels and time until capture of incubating 
female cardinals captured in aggressive contexts (SNIs).  Circles represent individuals. 
 
Discussion 
Comparable to most research examining relationships between circulating T and 
territorial aggression in female birds (Canoine and Gwinner, 2005; Elekonich and 
Wingfield, 2000; Goymann et al., 2008; Gwinner et al., 1994; Hau et al., 2004; Jawor et 
al., 2006b), results of this study suggest that endogenous T concentrations were not 
significantly elevated in incubating female cardinals during displays of maternal 
aggression.  Further, our results from this study indicate that a relationship did not exist 
between T concentrations and the degree of aggressive behavior performed by incubating 
cardinals.  This study is one of the first to examine connections between circulating levels 
of T and maternal aggression in birds during the incubation period.  
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 Testosterone and Maternal Behavior.  Even though females of several avian 
species exhibit peak levels of T at the onset of breeding (e.g. Cristol and Johnsen, 1994; 
Smith et al., 2005), few studies have reported elevations of T accompanying displays of 
female aggression during reproductive periods (but see Gill et al., 2007).  This study 
indicates a similar relationship for female cardinals in that T did not significantly increase 
following aggressive behavior at the nest; yet, the hormone was readily circulating at 
levels not unlike those previously reported for the pre-breeding period (mean T 
concentrations:  pre-breeding = 0.87 ng/ml, (DeVries et al., 2011); incubation = 0.89 
ng/ml, see Results).  Further, female cardinals in this population can increase circulating 
T in response to GnRH injections immediately prior to breeding (DeVries et al., 2011), 
but cannot significantly respond to such injections when feeding offspring (DeVries et 
al., in press), suggesting that females of this species might lose the ability to transiently 
increase T levels during the incubation period.  It is plausible that selection has not 
favored elevations in T in female birds during the breeding season because high 
concentrations of T might be detrimental to female fitness.  For example, experimentally 
elevated T has been reported to delay the onset of breeding (Clotfelter et al., 2004), 
decrease immune function (Zysling et al., 2006), reduce maternal care (Veiga and Polo, 
2008), and alter the primary sex ratio of broods (Veiga et al., 2004) in females of some 
avian species.  In addition, T deposition into egg yolk could be influenced by social 
stimuli experienced by the female during egg development (Navarra et al., 2006; 
Whittingham and Schwabl, 2002) and high levels of androgens can have detrimental 
impacts on embryo hatchability, growth, immunity and survival (Mazuk et al., 2003; 
Navarra et al., 2005; Sockman and Schwabl, 2000).  Therefore, it is possible that the lack 
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of relationship between significantly elevated T and maternal aggression reported by this 
study could serve as a mechanism by which female cardinals avoid potentially negative 
impacts on reproduction.  Fitness consequences of elevated T are currently unknown in 
female cardinals and deserve greater investigative attention in this species and others.    
Alternatively, it is plausible that a relationship between T and maternal aggression 
does exist for female cardinals, but that lesser concentrations of the androgen sufficiently 
support aggressive behavior.  In this study, T levels were not statistically different 
between aggressive and non-aggressive contexts; yet, T concentrations of SNI birds were 
slightly higher than control captures.  Steroid hormones are powerful in small amounts 
(Adkins-Regan, 2005) and subtle increases in concentrations could be of biological 
importance even if not statistically significant.  Males of some tropical species that 
exhibit prolonged territoriality have been proposed to be more sensitive to low 
concentrations of circulating T (Hau et al., 2000).  Greater numbers of androgen receptors 
in the brain might allow such species to use T more efficiently (Adkins-Regan, 2005) and 
avoid potential costs of chronically elevated circulating androgens (e.g. energetic costs, 
decreased immunity, higher mortality, etc., Wingfield et al., 2001).  Very little is known 
about the efficiency with which T is used by female birds, but considering that high 
levels of T could interfere with multiple aspects of female reproduction (Clotfelter et al., 
2004), greater sensitivity to lower concentrations of the hormone through regulation of 
androgen receptor density in the brain could be an adaptive mechanism supporting female 
aggression.  Given that female cardinals display prolonged territoriality (Halkin and 
Linville, 1999), have low levels of circulating T year-round (Jawor, 2007), and, in this 
study, did not intensely elevate T during aggressive encounters within the breeding 
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season, it is possible that females of this species could have increased sensitivity to lower 
levels of T due to greater numbers of androgen receptors in the brain.  Further research is 
needed to fully elucidate the role of T in female behavior across vertebrate taxa.  
 Other Potential Hormones.  Androgen precursors and metabolites could also have 
a role in the regulation of female aggressive behavior (Wingfield et al., 2006).  For 
example, dehydroepiandrosterone (DHEA; an androgen precursor that can be converted 
to T) has been reported to support territorial aggression during the non-breeding season in 
male and female Spotted Antbirds (Hau et al., 2004).  Further, estrogens (E2) are 
metabolites of T that might also contribute to the regulation of aggression through either 
circulating levels or the conversion of T to E2 in the brain by the enzyme aromatase 
(Adkins-Regan, 2005).  Aromatization of T into E2 has been shown to mediate aggression 
in male Japanese Quail (Coturnix japonica, Schlinger and Callard, 1990), but it is 
unknown if a similar relationship exists for female birds.  Therefore, it is plausible that 
high levels of T are not necessary to support aggression in incubating female cardinals 
because some other form of the molecule is responsible for influencing such behavior.  
Much remains to be discovered of the connections between androgen 
precursors/metabolites and female aggressive behavior.   
 Alternatively, inhibitory effects of additional hormones, such as progesterone 
(P4), could influence aggressive behavior in female cardinals.  Initially discovered in 
some mammalian species (e.g., Davis and Marler, 2003; Fraile et al., 1988; Kohlert and 
Meisel, 2001), P4 can have a modulating effect on female aggression, where higher levels 
of the hormone inhibit aggressive behavior, but lower levels allow for its occurrence.  
Similar results were recently reported for a sex-role reversed bird species, the African 
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Black Coucal (Centropus grillii; Goymann et al., 2008).  Within this study, P4 levels of 
female coucals were reported to be significantly lower in individuals engaged in 
aggressive behavior than females assessed in non-aggressive contexts (Goymann et al., 
2008). Although cardinals are not a sex-role reversed species, they share behavioral 
attributes with African Black Coucals in that females of both species perform male-
typical behaviors, such as singing and territorial defense.  Therefore, a relationship 
between P4 modulation and aggressive behavior is plausible and warrants attention in this 
species and others where females are behaviorally aggressive. .                  
 Conclusions.  Our findings suggest that incubating female cardinals do not 
significantly elevate circulating levels of T in response to intrasexual, conspecific 
‘intruders’ at the nest.  Results of this study are similar to those that have examined 
relationships between circulating T and female territorial aggression in birds, which 
suggest that high concentrations of androgens might not be necessary to support 
aggressive behavior in females.  It is plausible that aggression in female birds is 
influenced by greater sensitivity to lower levels of T, androgen precursors and 
metabolites, or modulated by additional hormones to prevent the potentially negative 
impacts of elevated T on female reproduction.  However, until much more research is 
conducted to investigate links between hormones and female behavior, generalized 
relationships between T and female aggression cannot be formed.    
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CHAPTER V 
NATURAL VARIATION IN CIRCULATING TESTOSTERONE DOES NOT 
PREDICT NESTLING PROVISIONING RATES IN   
THE NORTHERN CARDINAL (CARDINALIS CARDINALIS) 
Abstract 
 Behavioral transitions between territoriality and parental care are necessary for 
many seasonally breeding vertebrates.  Among birds, such transitions can be mediated by 
the steroid hormone testosterone (T), resulting in a T-mediated behavioral trade-off.  This 
theory is supported by many implantation studies with birds demonstrating that the 
administration of exogenous T during parental phases can negatively impact offspring 
care.  However, little is known about relationships between naturally circulating levels of 
T and parental behavior in wild bird populations.  Our study examined co-variation 
between initial T and the ability to produce significant elevation in circulating T 
following gonadotropin-releasing hormone (GnRH) injections and nestling provisioning 
rates in male and female Northern Cardinals (Cardinalis cardinalis), a highly aggressive, 
bi-parental resident songbird.  Results indicate that both sexes had detectable levels of 
initial T when providing parental care, but only males could produce significantly higher 
elevations of T following GnRH injections.  Further, T levels (both initial and elevations 
following GnRH injections) and nestling provisioning rates did not co-vary for either sex 
and these measures were not correlated between members of breeding pairs. When results 
of this study are considered with prior work indicating that elevations in T might not be 
necessary to support male or female aggression in this species, it appears that 
relationships between circulating T and reproductive behavior could be more complex for 
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the cardinal than many others birds similarly examined.  Such findings warrant additional 
examination of interrelationships between T, aggression, and other forms of parental care 
to assess if this species engages in T-mediated behavioral trade-offs.  Possible alternative 
mechanisms influencing behavior in the cardinal and future directions for research are 
discussed.   
Introduction 
 Among vertebrates, reproductive success is highly influenced by the coordination 
of reproductive behavior within temporal periods conducive to growth and development 
of offspring (Adkins-Regan, 2005).  For many seasonal breeders, behavioral transitions 
influential to fitness occur within relatively brief periods of time, such as when 
individuals shift from territorial displays and sexual behavior to providing offspring care.  
In some avian species, such behavioral transitions are mediated by the sex steroid 
hormone, testosterone (T).   
Temporal fluctuations in levels of circulating T occur in relatively predictable 
patterns for males (Wingfield et al., 1987, 1990) and females (Ketterson et al., 2005) of 
many temperate-zone birds.  Typically, T concentrations of both sexes are low (if not 
undetectable) during reproductive quiescence, peak during periods of heightened social 
instability (i.e. pre-breeding), and precipitously decline over the course of the breeding 
season (Ketterson et al., 2005; Wingfield et al., 1987, 1990).  It has been proposed that 
the observed decrease in T levels in breeding individuals is necessary to ensure a 
successful transition from excessive territorial and mate-seeking behavior to providing 
parental care (reviewed in Adkins-Regan, 2005).  Such modulation of T production and 
behavior has been termed a T-mediated behavioral ‘trade-off’. 
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 The theory of T-mediated behavioral trade-offs has received much support from 
studies assessing the impact of chronically elevated T on behaviors within periods in 
which circulating T levels are naturally declining (i.e. ‘phenotypic engineering’; 
Ketterson et al., 1992).  For example, quantifying the influence of high T concentrations 
on parental care has been of particular interest to researchers, as this hormone-behavior 
relationship will likely impact fitness.  In bi-parental birds, multiple studies have used 
subcutaneous T implants to assess the impact of elevated T on paternal (e.g., Beletsky et 
al., 1995; De Ridder et al., 2000; Dittami et al., 1991; Hegner and Wingfield, 1987; Hunt 
et al., 1999; Ketterson et al., 1992; Lynn et al., 2002, 2005; Saino and Möller, 1995; 
Schoech et al., 1998; Silverin, 1980; Stoehr and Hill, 2000; Van Duyse et al., 2002; Van 
Roo, 2004) and maternal care (e.g. Clotfelter et al., 2004; Ketterson et al., 2005; Veiga & 
Polo, 2008).  Results from these investigations have yielded the generalized conclusions 
that elevated T supports greater mating effort and less parental care in males (but see 
Hunt et al., 1999; Lynn 2008; Lynn et al., 2002, 2005; Van Duyse et al., 2002), but 
female parental care might be unaffected by high T concentrations (but see O’Neal et al., 
2008; Veiga & Polo, 2008).  Indeed, phenotypic engineering has provided valuable 
evolutionary insight regarding relationships between T and parental care and the potential 
impacts of these relationships on male and female fitness.  However, because these 
studies alter hormone levels they cannot address relationships between natural variation 
in circulating levels of T and parental behavior among individuals in wild populations.  
Consequently, they are incapable of assessing potentially heritable characteristics 
currently available for selective action in natural populations (McGlothlin et al., 2007).  
Research examining links between naturally circulating hormone levels and behavior is 
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essential to gaining a greater understanding of T-parental care relationships and 
subsequent evolutionary consequences.  Yet, this topic has received little investigative 
attention.     
 Examinations assessing relationships between naturally circulating T and parental 
care can be performed in multiple ways.  One method is to quantify relative levels of 
circulating T in individuals providing offspring care and determine if co-variation in 
baseline hormone concentrations and parental behavior exists.  This relationship is 
difficult to quantify in wild populations as T production can vary greatly within 
individuals on a daily and seasonal basis (Adkins-Regan, 2005).  An alternative method 
to assess potential co-variation between naturally circulating T and parental behavior is to 
compare variation in short-term elevations of circulating T (in response to a standardized 
stimulus) to the degree of parental care provided by individuals.  Considering that many 
species have the ability to produce short-term elevations in circulating T levels in 
response to social stimuli (Wingfield et al., 1990), McGlothlin et al. (2007) proposed that 
examining co-variation between short-term elevations in circulating T and behavior 
might provide a more accurate assessment of phenotypic components currently 
underlying T-behavior trade-offs in wild populations.  This relationship was recently 
examined in male dark-eyed juncos (Junco hyemalis) with results suggesting that males 
capable of producing higher elevations in circulating T following gonadotropin-releasing 
hormone (GnRH) injections displayed greater territorial behavior, but less paternal care 
(McGlothlin et al., 2007).  It is plausible that this relationship might exist for other 
temperate-zone species that engage in both territorial and parental behavior within the 
breeding season.  However, to our knowledge, examinations of co-variation in the ability 
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to produce elevations of circulating T following a standardized stimulus and parental care 
in male birds are rare (McGlothlin et al., 2007) and such studies with females appear to 
be non-existent.   
 Behavioral and physiological characteristics of the Northern Cardinal (Cardinalis 
cardinalis; hereafter, cardinals) render it an appropriate species to examine relationships 
between variation in endogenous T levels and parental care.  Cardinals are a multi-
brooded, temperate-zone resident species in which both males and females provide 
extensive offspring provisioning (Halkin & Linville, 1999).  Although only females build 
nests and incubate, both sexes participate in nest defense (Nealen & Breitwisch, 1997) 
and nestling provisioning, with males often providing more food to offspring than 
females (Halkin & Linville, 1999; Linville et al., 1998).  Recent observations suggest that 
male care is essential to nestling survival, as females appear to be incapable of sustaining 
offspring in the nest without male assistance (e.g., after the male is killed by predators; 
DeVries, unpubl. data).  Further, cardinals possess unique hormonal attributes for 
temperate songbirds, such as both sexes having detectable levels of T year-round (Jawor 
2007), and the ability to significantly increase T production following GnRH injections 
during the non-breeding (DeVries et al., 2011) and pre-breeding periods (DeVries et al., 
2011, 2012).  Given that male and female cardinals both significantly contribute to 
offspring care and have ample quantities of circulating T that can be elevated following 
GnRH injections during at least some portions of the year, we investigated whether co-
variation exists between naturally circulating T and male and female nestling 
provisioning and if co-variation exists between elevations in circulating T following 
standardized GnRH injections and male and female nestling provisioning.  In addition, 
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we assessed if measures of T (both naturally circulating and elevations following GnRH 
injections) and nestling provisioning are correlated between breeding pair members.  
Last, considering that elevated corticosterone (CORT) can impede T production in some 
species (Ketterson et al., 1991), we also assessed circulating CORT levels before and 
following GnRH injections to assess any impact of the hormone on T production of male 
and female cardinals feeding nestlings.  Examination of such relationships should further 
elucidate the impact of T on parental care of a bi-parental, temperate-zone species.   
Materials and Methods 
 General Field Methods.  This study was performed during April-June of the 2008, 
2009, 2010, and 2011 breeding seasons at the Eubanks/Lake Thoreau (ELT-USM) 
property owned by the University of Southern Mississippi (USM) in Hattiesburg, 
Mississippi, USA.  Cardinals are a multi-brooded species and in our focal population, 
breeding begins in early April and continues through late September.  As a safety 
precaution, fieldwork was terminated each year at the end of June due to excessive 
temperatures (35-38°C) typical of the latter months of the breeding season.  
Nests were located in late March-early June through systematically searching 
territories of breeding pairs.  Upon locating a nest, the area was sparsely marked with 
flagging ribbon (no flags in the immediate vicinity of the nest) and clutches (average 2-3 
eggs) were examined every two days for the determination of hatching date.  To examine 
relationships between T and nestling provisioning, each parent was first subject to three 
(3) nestling feeding observations to calculate parental feeding scores and then captured 
for blood sampling to assess circulating T levels and T response following standardized 
GnRH injections (see below).  All data collected for the calculation of parental feeding 
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scores resulted from multiple observations (3) of a single nest for a breeding pair (see 
below).  Individuals which had feeding scores calculated and hormone levels assessed 
(males, n=31; females, n=30) were not repeatedly sampled across nests or breeding 
seasons (2008: males=4, females=3; 2009: males=11, females=11; 2010: males=12, 
females=10; 2011: males=4, females=6).  For a few individuals (males, n=3; females, 
n=3), circulating T levels were assessed and GnRH injections delivered, but parental 
feeding scores could not be calculated due to inclement weather interrupting the 3-day 
sampling period.  From within the larger individual data sets we were able to assess 
nestling feeding scores and hormonal measures of both individuals within multiple 
breeding pairs (n=20; 2009=9 pairs, 2010=9 pairs, 2011=2 pairs), which allowed for 
pairwise comparisons.  Breeding pairs were also not repeatedly sampled across nests or 
breeding seasons.  Similar to studies with other populations of cardinals (Filliater et al. 
1994; Linville et al. 1998), our focal population experienced a high percentage of nest 
predation (~70% each year). 
Observations, capture, and processing of all birds occurred between 0600-1200h 
on days 3-6 of nestling life.  Birds were captured with mist nets and handling time was 
noted (time of extraction until time of first blood sample) for inclusion in statistical 
analyses.  Following procedures described for cardinals (DeVries et al. 2011, 2012), birds 
were subjected to processing procedures that included blood collection for T analyses 
(brachial vein puncture), the administration of GnRH injections (see below), banding 
individuals (U.S. Fish and Wildlife band, plus a unique combination of color bands), and 
recording morphometric measures as part of on-going research.  Once processed, birds 
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were returned to their nesting location and immediately released.  Blood samples were 
centrifuged, plasma extracted, and samples frozen at -20 °C until hormonal analyses.    
 Nestling Feeding Observations and GnRH Injections.  As a measure of parental 
care, nestling feeding rates were calculated for male and female cardinals based on three 
(3) 1hr nest observations conducted on three (3) separate days within days 3-5 of nestling 
life.  All observations were conducted from discrete locations by camouflaged 
researchers.  Days 0-2 were not assessed due to extensive brooding by the female during 
this period.  Nestling feeding scores were recorded as feedings/nestling/hour and brood 
time was accounted for when calculating nestling feeding scores of females.  To control 
for increased feeding rate with nestling age, statistical techniques described for cardinals 
by Linville et al. (1998) were used.  Individual feeding rates of a parent were compared to 
mean feeding rates of other parents of the same sex in the population assessed on a given 
day of nestling life within the same breeding season.  The difference between the mean 
feeding rate of all parents and the individual feeding rate of a single parent yielded a 
parent’s standardized feeding rate for that sampling day.  All of a parent’s standardized 
rates per day were totaled and divided by the number of days sampled (3) to give a mean 
standardized feeding score for that individual.  Brood size (1-4 range) has been shown 
not to affect nestling provisioning rates in this species (Jawor et al. 2004).  All feeding 
observations and blood sampling occurred within days 3-6 of nestling life, while both 
parents were still actively providing food to nestlings.  To prevent potential behavioral 
conflict following capture and blood sampling, all feeding observations were conducted 
prior to capture attempts.  
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Following three (3) 1hr behavioral observations, parents feeding 5-6 day old 
nestlings were then captured to assess circulating levels of T and the capacity to which 
individuals could elevate T levels following standardized GnRH injections.  Individuals 
were captured with mist nets placed in close proximity to the nest and transported to a 
nearby location out of the nesting area (to lessen predator attraction) for processing.  
Blood sampling was performed to quantify circulating levels of T and GnRH injections 
were administered following procedures described for cardinals by DeVries et al. (2011, 
2012).  Circulating levels of T were assessed through a preliminary blood sample (~75µl 
plasma) taken from the alar wing vein.  Individuals were then injected intramuscularly 
with 100µl of a solution comprised of 2.5µg of chicken GnRH-I (American Peptide Co. 
54-8-23) dissolved in 1.0 M phosphate-buffered saline (PBS) solution.  Injections were 
delivered directly into the left and right pectoralis major (50µl each) and the bird was 
then immediately placed in a holding bag.  Thirty minutes post-injection, a second blood 
sample was taken (~75µl plasma) to assess T levels following the GnRH injection.  
Following processing, all individuals were returned to their nesting sites (point of 
capture), where they continued caring for their offspring (nest success was passively 
monitored in the days following capture).  DeVries et al. (2011, 2012) report no 
significant influence of handling time (time between capture and first blood sample) on 
initial T levels, T response following GnRH injections (calculated as the difference 
between post-injection and pre-injection T levels), or post-GnRH injection levels of T.  
However, in an effort to reduce stress upon birds, initial blood sampling and GnRH 
injections were performed within 10min of capture (males: average=8.32min; females: 
average=8.91min).  Pilot trials (reported in DeVries et al. 2011) yielded the appropriate 
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dosage of GnRH required to stimulate the hypothalamic-pituitary-gonadal (HPG) axis of 
cardinals and the time course of the T response.  Cardinals do not significantly elevate 
levels of T in response to placebo (phosphate-buffered saline) injections (DeVries et al. 
2011).        
 Ethical Note.  This study required observing and capturing birds, collecting blood 
samples, and delivering GnRH injections, which had no negative impacts on individuals.  
Following capture and processing, all individuals were returned to their nesting sites, 
where they continued caring for their offspring (nest success was monitored in the days 
following capture).  Behavioral observations were non-manipulative and did not alter 
normal parental behavior.  All procedures performed in this study were in accordance 
with the Animal Behavior Society’s ‘Guidelines of the treatment of animals in behavioral 
research and teaching’ and the EU Directive 2010/63/EU for animal experimentation. 
Blood collection volume was determined by the Ornithological Council’s ‘Guidelines to 
the Use of Wild Birds in Research’.  This work was also conducted under USFWS 
Banding Permit #23479, MS Department of Wildlife, Fisheries, and Parks Scientific 
Collecting Permit #0201101 and approved by USM IACUC protocol #11092214. 
 Testosterone Analyses.  To determine circulating levels of T, an enzyme 
immunoassay (EIA; Enzo Life Sciences, Inc., #901-065, antibody sensitivity = 5.67pg/ml 
plasma) was used following techniques previously described for cardinals (DeVries et al., 
2011, 2012; Jawor, 2007). Each plasma sample (30µl) was subject to the addition of 
approximately 2,000 cpm of H
3
-T (PerkinElmer) to allow for the calculation of 
recoveries following triple extraction with diethyl ether.  Extracted products were re-
suspended with ethanol (50µl) and diluted with assay buffer (350µl) from the EIA kit.   
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Recoveries were determined from 100µl of each reconstituted sample and duplicate 
100µl quantities of sample were used for the EIA.  A 4-parameter logistic curve-fitting 
program (Microplate Manager; Bio-Rad Laboratories, Inc.) was used to calculate T 
concentrations and all values were corrected for incomplete recoveries.  Samples were 
randomly distributed to plates and plate locations.  Pre and post-injection plasma samples 
from each individual were analyzed on the same plate.  To calculate intra-assay and inter-
assay variation, standard samples of known T concentration were randomly distributed in 
three (3) locations within each plate.  Intra-assay variation for T analyses ranged from 
0.8-15.5%; inter-assay variation was 14.7%.  Inflation of inter-assay variation was due to 
the use of plates from multiple kit lots over the 4-year study.   
 Corticosterone Analyses.  DeVries et al. (2011, 2012) report no impact of 
corticosterone (CORT) levels on circulating T concentrations of non-breeding and pre-
breeding cardinals.  However, these studies did not assess breeding individuals and 
CORT might be elevated in parents providing parental care.  Therefore, all CORT 
concentrations were assessed with an enzyme immunoassay (EIA; Arbor Assays, LLC, 
#K014-H5, antibody sensitivity 16.9pg/ml) using techniques described for cardinals 
(DeVries et al., in review).  Approximately 2,000 cpm of H
3
-CORT (PerkinElmer) was 
added to all plasma samples (10µl) for recovery calculations following extractions.  After 
triple extraction with diethyl ether, extracts were re-suspended with assay buffer (400µl) 
provided by the EIA kit.  From each reconstituted sample, 100µl were used to determine 
recoveries and duplicate 50µl quantities were used on the EIA plate.  Levels of CORT 
were calculated with a 4-parameter logistic curve-fitting program (Microplate Manager; 
Bio-Rad Laboratories, Inc.) and corrected for incomplete recoveries.  All samples were 
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randomly assigned to plates and plate locations.  Pre and post-injection plasma samples 
from each individual were analysed on the same plate.  To calculate intra-assay and inter-
assay variation, four (4) plasma samples from a homogenized plasma pool (Northern 
Bobwhite, Colinus virginianus) were randomly placed throughout each plate.  Intra-assay 
variation for CORT analyses ranged from 0.8-9.2%; inter-assay variation was 8.4%.   
 Statistical Analyses.  Data were analyzed with SPSS 16.0 Software (SPSS, 
Chicago, Illinois).  Correction factors calculated from multiple standards of known 
hormone concentration (T EIA) or a consistent plasma pool (CORT EIA) placed 
randomly throughout each assay were applied to all hormone samples to account for 
inter-assay variation.  Corrected hormone values were then log-transformed for statistical 
analyses.  Paired-samples t-tests were used to assess if male and female cardinals could 
significantly increase T levels following GnRH injections and if the GnRH injection 
procedure elicited significant elevations of CORT.  Paired-samples t-tests were also used 
to compare hormonal levels, mass, and handling time between sexes.  General linear 
models (GLM) were used to examine relationships between initial T levels and T 
response following GnRH injections (calculated as ln post-injection T – ln pre-injection 
T) with sampling year, CORT levels (initial and response levels), handling time 
(minutes), mass (grams), and nestling feeding scores.  Spearman rank correlations were 
used to assess relationships between circulating T, T response following GnRH 
injections, and parental feeding scores between breeding pairs that received all three 
measures.   
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Results 
 Initial Testosterone Levels of Male and Female Cardinals.  Male cardinals had 
significantly higher levels of initial T than females (independent samples t-test: t65 = 4.67, 
P < 0.0001, Table 11, Figure 11).  Yet, no significant relationship existed between male 
initial T and paternal feeding score (Table 12) or female initial T and maternal feeding 
score (Table 13, Figure 12).  There was no significant impact of year on initial T in either 
sex (males: Table 12; females: Table 13).   
 Testosterone Response of Male and Female Cardinals to GnRH Injections. 
Parental male cardinals had significantly elevated T levels following GnRH injections 
(paired t-test: t33 = 2.32, P = 0.03, Figure 11), but parental female cardinals did not 
(paired t-test: t32= 1.71, P = 0.10, Figure 11).  No significant relationship existed between 
male T response following GnRH injections and paternal feeding score (F1, 14 = 0.01, P = 
0.95, Figure 13) or post-injection T levels and paternal feeding score (F1, 14 = 0.04, P = 
0.85).  Even though female cardinals did not significantly increase T levels following 
GnRH injections, female T response was still compared to maternal feeding score, which  
Table 11  
 
Mean initial T, mean T response following GnRH injections, mean initial CORT, and 
mean CORT response following GnRH injections of male and female cardinals providing 
offspring care.  Hormones measured in ng/ml. 
 
  
 
Mean Initial T 
 
 
Mean T  
Response 
 
 
Mean Initial 
CORT 
 
 
Mean CORT  
Response 
 
 
Males 
 
1.25  
 
1.21  
 
43.01 
 
28.82  
 
Females 0.77 0.19 35.54 22.96 
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indicated a non-significant relationship (F1, 11 = 0.88, P = 0.45).  Further, male and female 
T response following GnRH injections did not vary by sampling year (males: F2, 14 = 
1.22, P = 0.36; females:  F3, 11 = 0.41, P = 0.77). 
Table 12   
 
General linear model analysis assessing relationships between initial T levels and 
multiple measures of male cardinals providing offspring care.   
 
 
 
Effects 
 
 
DF 
     
 
F 
  
 
P 
 
 
Year 
 
2, 14 
 
0.32 
 
0.74 
 
Feeding Score 1, 14 0.42 0.54 
 
Handling Time 1, 14 0.09 0.77 
 
Mass 1, 14 0.76 0.42 
 
Initial CORT  1, 14 0.06 0.82 
 
CORT Response 1, 14 0.06 0.82 
 
T Response 1, 14 0.02 0.90 
 
 
 Impact of Corticosterone, Handling Time, and Mass on Testosterone 
Concentrations.  When compared between the sexes, initial CORT levels (independent 
samples t-test: t63 = 1.25, P = 0.22), CORT response (t56 = 0.71, P = 0.48), handling time 
(t65 = 0.52, P = 0.60), and mass (t53 = 1.0, P = 0.32) did not differ for male and female 
cardinals.   
 Levels of CORT were significantly elevated in male cardinals following GnRH 
injections (paired t-test, t31 = 6.10, P < 0.001).  Yet, initial CORT levels did not affect 
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male initial T (Table 12), male T response (F1, 14 = 1.58, P = 0.26), or paternal feeding 
score (F1, 14 = 0.14, P = 0.72).  Further, no significant relationship existed between male 
CORT response, male T response, and initial levels of T in males (all F’s ≤ 0.32, all P’s ≥ 
0.60).  Initial CORT levels and CORT response did not vary by year (all F’s ≤ 3.52, all 
P’s ≥ 0.10).  Initial T levels and T responses of male cardinals were also not significantly 
impacted by handling time or mass (initial T: Table 12; T response: all F’s ≤ 3.84, all P’s 
≥ 0.10).  In addition, initial CORT levels and CORT responses of male cardinals were not 
significantly influenced by mass or handling time (all F’s ≤ 2.26, all P’s ≥ 0.18).   
  
 
Figure 11.  Initial (ln) and (ln) post-GnRH injection levels of T of male and female 
cardinals providing offspring care.  Black circles represent (ln) initial T levels.  Grey 
circles represent (ln) post T levels.  Error bars represent ±1 SE.   
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 Similarly, CORT levels of female cardinals were also significantly elevated after 
GnRH injections (paired t-test, t32 = 5.34, P < 0.001), but initial CORT levels did not 
impact female initial T (Table 13), female T response following injections (F 1, 11 = 3.69, 
P =0.20), or maternal feeding score (F1, 11 = 0.99, P = 0.42).  No significant relationship 
was found between female CORT response, female T response or initial T concentrations 
of females (all F’s ≤ 1.22, all P’s ≥ 0.34).  In addition, handling time and mass did not 
significantly impact female initial T levels (Table 13), T responses (all F’s ≤ 2.62, all P’s 
≥ 0.25), initial CORT levels (all F’s ≤ 9.44, all P’s ≥ 0.10), or CORT responses (all F’s ≤ 
1.91, all P’s ≥ 0.30).  Females with greater CORT elevations due to the injection process  
had higher post-injection CORT levels (F1, 11 = 26.36, P = 0.01).  There was no effect of 
sampling year on initial CORT or CORT response (F’s ≤ 0.39, all P’s ≥ 0.75) of females.    
Table 13   
General linear model analysis assessing relationships between initial T levels and 
multiple measures of female cardinals providing offspring care.   
 
 
 
Effects 
 
 
DF 
     
  
F 
 
  
P 
 
 
Year 
 
3, 11 
   
0.33 
 
0.81 
 
Feeding Score 1, 11 0.03 0.87 
 
Handling Time 1, 11 0.63 0.51 
 
Mass 1, 11 0.47 0.57 
 
Initial CORT  1, 11 0.84 0.46 
 
CORT Response 1, 11 0.05 0.85 
 
T Response 1, 11 0.45 0.57 
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 Comparisons Between Breeding Pair Members.  For breeding pairs in which both 
pair members had T levels and parental care assessed, no significant correlation was 
found between initial levels of T (Spearman rank correlation: rs = -0.14, N = 20, P = 0.55) 
or parental feeding scores (rs = 0.002, N= 20, P = 0.99, Figure 14).  Of the few pairs in 
which T response following GnRH injections could be compared between members 
(many females had no T elevations following GnRH injections), there was no significant 
correlation between male and female T responses within a breeding pair (rs = 0.22, N = 
11, P = 0.61). 
 
 
 
Figure 12.  Relationship between female (ln) initial T levels and nestling provisioning 
rates of female cardinals.  Circles represent individuals. 
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Figure 13.  Relationship between (ln) T response following GnRH injections and nestling 
provisioning rates of male cardinals.  Circles represent individuals. 
 
 
 
Figure 14.  Relationship between male and female nestling provisioning rates of cardinal 
pair members.  Circles represent cardinal pairs.  
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Discussion 
From a hormonal perspective, results of our study were similar to others that have 
quantified endogenous concentrations of T (both initial levels and elevations following 
GnRH injections) in breeding temperate-zone birds (e.g., males: McGlothlin et al., 2007; 
females: Jawor et al., 2007).  Male cardinals providing offspring care had higher levels of 
initial T than females and could produce significant elevations in circulating T following 
standardized GnRH injections during this reproductive period.  Female cardinals feeding 
nestlings had detectable, yet, lower levels of initial T than males, but did not show 
significant increases in T following GnRH injections.  Further, no correlation was found 
between T measures of breeding pair members.   
However, when compared to the few studies examining connections between 
male parental care behavior and endogenous T (e.g., McGlothlin et al., 2007), our results 
appear to differ.  Even though male cardinals had significantly elevated T levels 
following GnRH injections, we found no significant relationship between initial T or 
elevations of circulating T following GnRH injections and nestling feeding rates.  
Similarly, co-variation did not exist between T measures and nestling feeding rates of 
female cardinals.  Such findings suggesting a lack of relationship between endogenous T 
measures and nestling provisioning imply that this hormone-behavior relationship could 
be more complex for cardinals than many similarly examined species.  Alternative 
possibilities regarding this hormone-behavior relationship for cardinals are discussed 
below.   
 Endogenous Testosterone and Male Parental Care.  For many male temperate-
zone birds, T levels are highest at the onset of breeding, decrease when providing 
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parental care, and are lowest during the non-breeding season (e.g. Wingfield et al., 1987, 
1990).  Hormonal investigations with cardinals suggest that the annual T profile of males 
might not follow this generalized pattern (DeVries et al., 2011; Jawor, 2007).  For 
example, T concentrations of male cardinals fluctuate little throughout the year with only 
a modest increase in T at the onset of breeding (Jawor, 2007; DeVries et al., 2011).  
Further, circulating T in male cardinals does not appear to drastically decrease when 
individuals are providing parental care (average pre-breeding T = 1.27 ng/ml; DeVries et 
al., 2011, average breeding T = 1.25 ng/ml as reported in Results).  Considering that 
cardinals are multi-brooded and have a lengthy breeding season (6+ months), it is 
plausible that male T levels must be sustained over this prolonged reproductive period to 
maintain spermatogenesis and courtship behavior.  Cardinals in my focal population and 
elsewhere are subject to heavy nest predation (Filliater et al., 1994; Linville et al., 1998) 
and maintaining constant, lower T levels to support breeding physiology and behavior 
without detracting from paternal care could be an evolutionary strategy allowing male 
cardinals to maximize their reproductive output.  However, it would be premature to 
conclude that male cardinals might not engage in T-mediated behavioral trade-offs based 
only on a lack of co-variation between initial circulating T and paternal care measures.  
McGlothlin et al. (2007) also report no co-variation between initial circulating T and 
nestling feeding rates in male dark-eyed juncos; yet, a significant relationship was 
discovered between individual variation in the production of short-term T elevations 
following GnRH injections and offspring provisioning.  Consequently, these findings 
prompted us to examine a potential relationship between short-term elevations of T 
following GnRH injections and nestling provisioning rates with male cardinals.   
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 In addition to a lack of co-variation between levels of initial T and nestling 
provisioning, this study also suggests that no significant relationship exists between 
individual variation in the ability to produce elevations in circulating T following GnRH 
injections and offspring provisioning rates (mean individual score of individuals 
calculated from feeding observations prior to GnRH injections) in male cardinals.  These 
results were unexpected, as they are in contrast to findings of a similar study with dark-
eyed juncos (McGlothlin et al., 2007), a species with which cardinals share several 
physiological and behavioral characteristics (e.g. seasonal breeder, territorial, provides 
nestling care, etc.).  However, recent research with cardinals suggests that some 
hormone-behavior relationships described for temperate-zone migratory species might 
not be applicable to this temperate-zone, resident bird.  For example, male cardinals 
participate in nearly year-round defense (e.g., song, conflict, etc.) of general use 
territories (Halkin and Linville, 1999), exhibit a relatively non-fluctuating pattern of 
annual T production (Jawor, 2007), and are physiologically capable of elevating 
circulating T levels following GnRH injections throughout much of the year (DeVries et 
al., 2011, 2012).  Yet, no significant relationship appears to exist between levels of 
endogenous T (initial and elevations following GnRH injections), territorial aggression 
(DeVries et al., 2012), or offspring provisioning (this study) in this species.  Such 
findings imply that a disconnect could exist between male T concentrations and the 
expression of these behaviors in male cardinals.   
Considering that previous work has demonstrated that male cardinals are 
physiologically capable of elevating circulating T levels after GnRH injections during 
non-breeding (DeVries et al., 2011) and pre-breeding periods (DeVries et al., 2011, 
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2012), results here showing that breeding males had significantly elevated levels of T 
following GnRH injections were not surprising.  However, when compared to T measures 
obtained in a companion study during the pre-breeding season, T elevations following 
GnRH injections appeared to be considerably dampened in male cardinals providing 
parental care (DeVries et al., 2011).  A similar phenomenon has been described for male 
dark-eyed juncos (Jawor et al., 2006), but it is currently unknown if these observed 
seasonal decreases in T elevation following GnRH injections are due to prior changes in 
GnRH production by the hypothalamus, decreased sensitivity of the anterior pituitary to 
GnRH, fewer LH receptors on the surface of the gonad, a decrease in the number of 
Leydig cells in the gonad, an increase in gonadotropin-inhibitory hormone (GnIH) 
production by the hypothalamus, or some combination of these factors as the breeding 
season progresses.  Another factor possibly influencing the degree to which individuals 
can elevate T following GnRH injections is the age of the individual assessed.  
Relationships between circulating T and senescence are inconclusive for many species 
(reviewed in Adkins-Regan, 2005), but such examination in male cardinals might explain 
why a few non-territorial ‘floater’ males captured during this study were capable of 
producing much higher elevations of T following GnRH injections than many older 
territorial males (DeVries, unpubl. data).  Many of these ‘floater’ males were hatch-year 
birds from the previous breeding season that were unable to establish a territory during 
their first year of life.  Further, we have preliminary evidence (from a very limited sample 
size) that young males that manage to acquire territories in their first breeding season 
demonstrate greater T elevation following GnRH injections than in subsequent years.  
Although greater sample sizes are needed, these anecdotal reports suggest that senescence 
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could influence individual responsiveness to injections of GnRH in the cardinal and this 
topic warrants further investigation.  Proximate factors influencing temporal changes in T 
production deserve greater attention in this species and others.         
Behavioral consequences of this temporal decrease in the ability to elevate T 
following GnRH injections are unknown in cardinals.  However, it is possible that the 
observed dampened responsiveness of the HPG axis is necessary to mediate transitioning 
from territorial to various aspects of parental behavior in this species as opposed to a 
drastic reduction in baseline circulating T (which has little annual variation in cardinals).  
The results of our study report no relationship between circulating T and nestling 
provisioning, but it is possible that transient elevations in T could detract from parental 
care in other ways (e.g. increase extra pair fertilization attempts, decrease nest defense, 
etc.).  Therefore, it would be premature to conclude that male cardinals do not engage in 
T-mediated trade-offs to transition between territorial and parental behavior based on 
these findings alone.  While our study examining relationships between circulating T and 
nestling provisioning is an important first step in elucidating connections between T and 
paternal care in cardinals, future studies should examine links between circulating T and 
other forms of parental behavior before definitive conclusions can be made concerning 
the extent of T-mediated behavioral trade-offs in this species.   
A recent review by Lynn (2008) described a growing number of avian species that 
could be ‘behaviorally insensitive’ to T concentrations.  For example, chestnut-collared 
longspurs (Calcarius ornatus, Lynn & Wingfield, 2008) did not increase aggressive 
behavior following the administration of exogenous T, and supplemental T increased 
vocalization rates, but not physical conflict, in male Lapland longspurs (Calcarius 
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lapponicus, Hunt et al., 1997) and male great tits (Parus major, Van Duyse et al., 2002).  
Paternal care of these species was also not decreased by T supplementation (Hunt et al., 
1999; Lynn et al., 2002; Van Duyse et al., 2002).  Considering that male parental 
contributions are essential for offspring survival in these three species, the ‘essential 
paternal care’ hypothesis has been proposed as a potential explanation for this disconnect 
between T and parental behavior (Hunt et al., 1999; Lynn et al., 2002, 2005).   This 
hypothesis predicts that behavioral insensitivity to T occurs when the reproductive 
success of a species is significantly reduced due to negative influences of T on paternal 
care.  Based on several behavioral characteristics of the cardinal and the lack of co-
variation between nestling provisioning and endogenous T reported in this study, we 
suggest that this species might provide additional support for the ‘essential paternal care’ 
hypothesis.  First, cardinals are vulnerable to high nest depredation, and males must 
participate in nest defense to give offspring any chance of survival (Nealen and 
Breitwisch, 1997).  Second, male cardinals provide as much (or more) food to nestlings 
as females (Halkin and Linville, 1999; Linville et al., 1998) and nests that I have 
observed where males do not participate in nestling provisioning (e.g. due to predation of 
male) do not survive to fledging.  Therefore, it is plausible that male cardinals might be 
behaviorally insensitive to T as a T-induced detraction of paternal care might have a 
significant negative impact on reproductive success of individuals.  Additional studies are 
needed to determine if paternal care is indeed essential to offspring survival in cardinals.  
Such studies, coupled with examinations of relationships between circulating T and other 
forms of parental care (e.g. nest defense, etc.) and the impact of exogenous T on paternal 
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behavior, would provide a much clearer picture of the relationship between T and 
parental care in this species.   
Thus far, all research assessing T-behavior relationships with male cardinals has 
suggested that initial levels of circulating T and T elevations following GnRH injections 
did not co-vary with individual expression of aggressive (DeVries et al., 2012) and 
nestling provisioning.  However, this is not conclusive evidence that T is not influential 
to the display of such behaviors.  An interesting possibility is that individual variation in 
androgen receptor density in the brain might have a stronger relationship with behavioral 
expression than circulating T concentrations.  Co-variation between androgen receptor 
density and individual expression of territorial aggression was recently reported in male 
dark-eyed juncos (Rosvall et al., 2012).  Application of such findings to additional 
species and behaviors is important to further clarify connections between T and behavior.  
Behavioral and hormonal evidence suggest that male cardinals are ideal candidates for 
such investigation.   
Alternatively, paternal care in male cardinals could be influenced by additional 
circulating hormones, such as estradiol (E2) and prolactin (PRL).  Seasonal fluctuations in 
either of these hormones might influence behavioral transitions between territoriality and 
parental care (e.g., Buntin et al., 1991; Goldsmith, 1983; Lea et al., 1986; Nelson, 2006).  
Much remains unknown about relationships between additional hormones and parental 
care in birds and this area of research deserves greater attention.    
  Endogenous Testosterone and Female Parental Care.  Knowledge is limited 
concerning patterns of steroid hormone production of female birds in natural populations.  
The few studies attempting to quantify annual T profiles of females have yielded the 
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generalized conclusion that female patterns of year-round T production are similar to 
males, with T levels being highest during territory establishment and the onset of 
breeding and lowest (often undetectable) during non-reproductive periods (reviewed in 
Ketterson et al., 2005).  Thus far, hormonal studies with cardinals suggest that males and 
female have similar patterns of annual T production in that both sexes have relatively 
non-fluctuating levels of T present year-round (DeVries et al., 2011; Jawor, 2007).  Yet, 
unlike males, female cardinals do not appear to significantly increase circulating T levels 
at the onset of breeding (DeVries et al., 2011) or any other period of the year (Jawor, 
2007).  It has been suggested that this relatively non-fluctuating pattern of T production is 
necessary for female cardinals to participate in year-round defense of general use 
territories (Jawor, 2007).  However, a companion study with the focal population under 
study here reported no relationship between levels of circulating T and female maternal 
aggression (DeVries et al., in review).  It is currently unknown if these findings are 
applicable to aggressive behavior performed by female cardinals at other times of the 
year (e.g. pre-breeding, non-breeding, etc.).  Nevertheless, a lack of T elevation at the 
onset of breeding, coupled with no co-variation between circulating T and maternal 
aggression (DeVries et al., in review) or between circulating T and maternal nestling 
provisioning, implies that behavioral transitions from territorial to parental behavior 
might not be T-mediated in female cardinals, or not mediated by strong changes in 
circulating T.  However, additional studies assessing relationships between circulating T 
and the impact of T supplementation on additional forms of maternal care in cardinals 
(e.g. nest defense, brooding time, etc.) are necessary to confirm if female cardinals do 
engage in T-mediated behavioral trade-offs.      
96 
 
 
 While information about patterns of T production of female birds is limited 
(Ketterson et al., 2005), much less is known about the capability of females to produce 
short-term elevations of T.  To our knowledge, only one study with female dark-eyed 
juncos has assessed if female birds can produce elevations in circulating T following 
GnRH injections administered across the breeding season (Jawor et al., 2007).  Findings 
from this study suggest that female dark-eyed juncos were capable of significantly 
elevating T levels following GnRH injections during some portions of the breeding 
season (egg development), but not others (incubation, nestling feeding; Jawor et al., 
2007).  Although our study did not assess the capability of female cardinals to elevate 
levels of circulating T following GnRH injections in each of these discrete reproductive 
stages, we do report similar findings in that female cardinals did not significantly elevate 
T levels following GnRH injections when providing offspring care.  These results were 
somewhat surprising considering that prior work with female cardinals suggests they are 
physiologically capable of producing significant elevations of T following GnRH 
injections as early as January (DeVries et al., 2011) when individuals are not breeding 
and the ovary is regressed (Jawor and MacDougall-Shackleton, 2008).  Theoretically, one 
might expect the opposite, with significant elevations in T being produced during the 
period when the ovary is primed for reproduction and most responsive to circulating 
gonadotropins supporting follicle development.  The proximate mechanisms underlying a 
female’s inability to produce short-term elevations in T when providing offspring care are 
currently unknown, but might include changes in hormone production or receptor 
sensitivity at the level of the hypothalamus, pituitary, or ovary (or some combination of 
these factors).  In contrast, more attention has been devoted to examining ultimate factors 
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inhibiting circulating T elevations in breeding females.  Recent studies suggest that 
elevations in female circulating T can result in the deposition of elevated yolk androgens 
during egg development, which can impair embryo hatchability and decrease growth, 
immunity, and survival of offspring (Mazuk et al., 2003; Navarra et al., 2005; Sockman 
and Schwabl, 2000).  This could imply that selection has not favored the production of 
transient elevations of T in breeding females as such elevations might have deleterious 
impacts on reproduction.  However, when compared to males, investigations of 
relationships between steroid hormone production and female reproductive physiology 
are much fewer in number.  More examinations of proximate and ultimate factors 
underlying female T production and its impacts on behavior are needed before 
generalized conclusions can be drawn in this field.        
 The presence of additional circulating hormones, such as E2 and PRL, could also 
potentially influence maternal care of female cardinals.  However, examination of 
plausible relationships between these endocrine factors and maternal behavior has 
received little investigative attention in wild songbird populations. Investigations such as 
these are essential to further understanding hormonal influences on female parental care 
in birds and other vertebrates. 
 Conclusions.  Studies conducted with cardinal populations throughout North 
America have suggested some similarity in hormonal and behavioral characteristics for 
this species.  Levels of T of cardinals appear to fluctuate little year-round (DeVries et al., 
2011; Jawor, 2007) and males and females actively participate in territorial defense 
(DeVries et al., 2012, DeVries et al., in review; Kinser, 1973;) and offspring care (Jawor 
et al., 2002; Linville et al., 1998; Nealen and Breitwisch, 1997).  Results of this study 
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implying that co-variation between nestling provisioning rates and circulating T levels 
(initial and elevations following GnRH injections) does not exist for male and female 
cardinals provides evidence that this hormone-behavior relationship might be more 
complex for this species than others similarly examined.  Additional research examining 
relationships between circulating T and other forms of parental behavior not assessed by 
this study should be performed before definitive conclusions can be made concerning T-
mediated behavioral trade-offs in this species.  Further, it is essential that future studies 
examine the impact of T supplementation on aggressive and parental behavior in the 
cardinal to determine potential fitness consequences of such hormone-behavior 
relationships.  Thorough investigations examining connections between endogenous T 
and behavior and supplemental T and behavior within males and females of a single 
species are crucial to achieve a greater understanding of hormone-behavior relationships 
among vertebrates.       
 
Note to Reader 
This chapter has been accepted for publication and should be cited as follows:   
DeVries, M. S. and J. M. Jawor.  2013. Natural variation in circulating testosterone does  
 not predict nestling provisioning rates in the Northern Cardinal (Cardinalis 
 cardinalis).  Animal Behaviour, in press. 
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CHAPTER VI 
GENERAL CONCLUSION AND RECOMMENDATIONS 
 This research suggests that connections between T production and reproductive 
behavior might be more complex for cardinals than many other avian species investigated 
thus far.  Unusual for a temperate zone songbird, male and female cardinals appear to 
have measurable circulating T that can be transiently elevated throughout most of the 
year.  Yet, significant increases in T levels do not appear to be necessary to support male 
territorial behavior or female maternal aggression in this species and circulating T 
concentrations do not predict rates of offspring provisioning demonstrated by individuals.  
Such results imply that the cardinal might be subject to a disconnect between relative 
levels of endogenous T and certain forms of reproductive behavior.  It is plausible that 
this bird might be more sensitive to lower levels of circulating T, warranting future 
studies examining associations between androgen receptor number and receptor 
distribution in the brain of this species.  Aromatization of T to E2 might also influence 
aggression and parental care in cardinals and studies addressing relationships between 
aromatase levels in the brain, circulating E2, and reproductive behavior should also be 
performed.  Additional hormones, such as PRL, DHEA, and P4 (in females), have 
demonstrated significant impacts on breeding behaviors in a few avian species (e.g., 
Buntin et al., 1991; Goymann et al., 2008; Hau et al., 2004) and should be examined in 
the cardinal as well.  Nevertheless, few studies have yielded similar findings as to what 
we report here with T-behavior relationships of the cardinal, indicating much additional 
work is needed to fully elucidate T-behavior relationships among avian species.  
Recommendations on how to accomplish this goal are discussed below. 
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 To more accurately discern the impact of T on avian breeding behaviors, 
comprehensive examination of the interrelationships between T, aggression, and parental 
care should be performed within individual species.  One plausible reason that 
correlations between T and behavior remain inconclusive is that the body of research 
investigating these relationships is so diverse (Lynn, 2008).  There is a vast amount of 
work examining T’s impact on avian behavior (Ketterson and Nolan, 1992), but most 
studies provide only a limited amount of information that is useful when comparing 
between species (Ketterson et al., 2005; Lynn, 2008).  For example, the influence of T on 
a singular behavioral trait (e.g., aggression) is known for a large number of species, but 
knowledge of T’s impact on multiple behaviors (e.g., parental care and aggression) 
within a single species is scarce.  Further, studies that examine relationships of T, 
aggression, and parental care within both sexes of the same species are rare (Adkins-
Regan, 2005; Ketterson et al., 2005).  This ‘scattershot’ approach to studying 
relationships between T and avian behavior has resulted in some information available 
from many species, but generally little knowledge within individual taxa.  To gain a 
greater understanding of the selective pressures and physiological mechanisms 
influencing the interrelationships of T and behavior, more comprehensive examinations 
of both sexes within single species must be made so that comparisons between species 
can yield valid conclusions (Ketterson et al., 2005; Lynn, 2008).  A truly comprehensive 
study would quantify T-behavior associations that currently exist (i.e., influence of 
natural variation in endogenous T on behavior) and those that could potentially develop 
(i.e., impacts of exogenous T on behavior) for males and females of a species.  Such 
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concentrated research is essential towards gaining a more thorough understanding of the 
interrelationships of T, aggression, and parental care within individual taxa.   
 Increased emphasis should also be placed on performing comprehensive 
assessments of T-behavior relationships among avian species with more diverse life 
history strategies.  Much of what is known concerning connections between T and avian 
behavior has resulted from examination of migratory species while non-migratory (i.e. 
resident) birds have been relatively ignored.  This is a crucial oversight in the field of 
behavioral endocrinology when one considers that vast differences in behavior and 
physiology required for migratory as opposed to resident ‘lifestyles’ might reflect 
different governing rules for behavioral expression in these two categories of life history 
strategies.  Before accurate generalized conclusions can be drawn concerning T-behavior 
relationships of birds (if generalized conclusions can be drawn), it is imperative that more 
investigative attention be given to determining the influence of T on behaviors performed 
by resident avian species.  Some progress has been made towards this end with recent 
interest in T’s influence on territorial behavior of tropical resident birds (e.g., Gill et al., 
2007; Hau et al., 2000).  Early findings from these studies suggest that tropical residents 
might be less dependent on relative levels of circulating T for behavioral expression than 
many migratory species, thereby supporting the idea that the behavioral ecology of a 
species might be indicative of the T-behavior relationship demonstrated by that species.  
However, for unknown reasons, connections between T and behavior still remain 
understudied in resident birds, particularly in temperate-zone species (such as the 
cardinal).  Resident species should receive greater attention from the field of behavioral 
endocrinology, because a complete picture of the influence of T on avian behavior cannot 
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be achieved until hormone-behavior relationships of resident birds receive more thorough 
assessment.   
 To conclude, this dissertation examined connections between circulating T and 
breeding behaviors in male and female Northern Cardinals.  This study is one of the first 
of its kind to simultaneously assess the interrelationships between endogenous T, 
aggression, and parental behavior in both sexes of a temperate-zone resident avian 
species.  I hope this work will inspire further comprehensive investigation of T-behavior 
relationships within this species and similar research with other resident birds as such 
studies are essential to further elucidate proximate mechanisms influencing avian, and 
ultimately, vertebrate behavior.  
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APPENDIX E 
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